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ABSTRACT 

The  objective  of  this  work  was  threefold.  Firstly,  the  synthesis  of 
specific  monof luoropalmitic  acid  analogs.  Secondly,  an  evaluation  of 
these  monof luorinated  fatty  acids  as  1,F~NMR  probes  of  lipid  bilayers. 
Thirdly,  a  study  of  the  effect  of  fatty  acid  structure  and  temperature 

on  the  orientational  order  of  the  hydrocarbon  chains  through  the  lipid 
bilayer  of  a  biological  membrane,  specifically,  the  plasma  membrane  of 

Acholeplasma  laidlawi i  B,  using  these  monof luoropalmi t i c  acid  analogs  as 
1,F~NMR  probes. 

The  similarity  in  size  of  the  fluorine  and  hydrogen  atoms,  the  low 
reactivity  of  the  carbon-fluorine  bond  in  an  alkyl  chain,  and  the  high 
sensitivity  of  l,F~NMR  spectroscopy  suggest  that  the  specifically  mono- 
fluorinated  fatty  acids  may  be  useful  NMR  probes  of  membrane  structure. 
To  evaluate  the  possible  perturbation  of  the  lipid  bilayer  by  the 
fluorine  atom,  the  thermotropic  phase  behavior  of  a  series  of  di-mono- 
f luoropalmitoyl  phosphatidylcholines  were  studied,  and  the  results  indi¬ 
cate  that  their  properties  closely  resembled  those  of  the  non-fluori- 
nated  analogue,  dipalmitoyl  phosphatidylcholine.  In  addition,  the  incor¬ 
poration  of  up  to  30  mole  *L  of  various  monof  luoropalmitic  acids  into  the 
membrane  lipids  of  Acholeplasma  laidlawi i  B  did  not  adversely  affect  the 
growth  of  this  organism.  At  higher  levels  of  incorporation,  these 
fluorinated  fatty  acids  progressively  decreased  growth  yields,  with  this 
effect  being  greatest  for  the  isomers  with  the  fluorine  atom  substituted 
nearest  the  carbonyl  group  of  the  fatty  acid.  Moreover,  the  levels  of 
incorporation  of  these  fluorinated  fatty  acids  were  similar  to  that  of 
palmitic  acid.  Finally,  the  determined  order  parameters  of  the 
monof luoropa lmi t i c  acids  incorporated  into  palmitic  acid-enriched 


v 


membranes  containing  various  levels  of  the  probes  were  constant, 
suggesting  the  monof luoropalmi tic  acids  closely  mimicked  the  physical 
properties  of  palmitic  acid  in  the  membrane  of  this  organism.  Taken 
together,  these  results  suggest  that  these  monof luorinated  fatty  acids 
can  be  utilized  as  sensitive  and  relatively  non-perturbing  probes  of 
fatty  acyl  chain  organization  in  model  and  biological  membranes. 

The  second  aspect  of  this  work  was  to  study  the  effect  of  fatty 
acid  structure  and  temperature  on  acyl  chain  order  in  a  lipid  bilayer. 

To  this  end  I  have  collected  1,F~NMR  spectra  of  Acholeplasma  laidlawi i  B 
membranes  containing  predominantly  one  fatty  acid  plus  a  small  amount  of 
one  of  a  number  of  the  monof luoropalmitic  acid  probes.  Spectra  were 
collected  above  and  (where  possible)  below  the  phase  transition  of  the 
membrane  lipids  as  well  as  at  the  optimum  growth  temperature  (37°C) . 

From  these  spectra  an  orientational  order  parameter  ,Sz,  was  determined 
for  a  number  of  positions  along  the  chain.  The  results  indicate  that  the 
order  is  markedly  dependent  on  both  the  acyl  chain  structure  and  the 
temperature.  At  the  same  temperature  the  presence  of  a  methyl  group  near 
the  methyl  terminus  of  the  chain  decreases  the  average  order,  but 
increases  the  length  of  the  plateau  region  relative  to  the  straight- 
chain  saturated  fatty  acids.  In  contrast,  the  presence  of  a  trans-double 
bond  decreases  both  the  average  order  and  the  length  of  the  plateau 
region.  Similar  results  were  observed  below  the  phase  transition,  while 
at  a  fixed  temperature  above  the  phase  transition  of  the  membrane  lipids 
relative  to  the  midpoint  of  the  phase  transition,  the  average  order  in 
the  presence  of  a  methyl  group  and  a  trans-double  bond  increases 
relative  to  when  these  groups  are  not  present.  These  results  suggest 
that  by  controlling  the  structure  of  its  membrane  fatty  acids  an 
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organism  may  control  both  the  absolute  order  and  the  order  profile  of 
the  hydrocarbon  core  of  its  lipid  bilayer. 
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I.  INTRODUCTION 


Biological  membranes  consist  primarily  of  lipids  and  proteins.  Only  in 
the  past  decade,  after  Singer  and  Nicolson  (1972)  proposed  the  fluid 
mosaic  model  for  the  molecular  organization  of  biological  membranes, 
have  the  structural  and  functional  aspects  of  the  individual  components 
been  understood  (Singer,  1971).  A  typical  cell  membrane  is  composed  of 
amphipathic  lipid  molecules  organized  into  a  lipid  bilayer,  with  the 
hydrophilic  headgroups  exposed  to  the  aqueous  environment  and  the 
hydrophobic  acyl  chains  interacting  to  form  a  hydrophobic  bilayer  core. 
The  proteins  are  "dissolved"  in  the  lipid  matrix  and  may  be  classified 
as  either  peripheral  or  integral  membrane  proteins.  These  two  classes 
may  be  distinguished  by  the  way  they  interact  with  the  lipid  bilayer. 
Peripheral  proteins  interact  primarily  through  electrostatic 
interactions  with  the  lipid  headgroups.  In  contrast,  integral  proteins 
also  exhibit  large  interactions  with  the  hydrophobic  core  of  the 
bilayer.  Integral  proteins  may  be  further  classified  as  either 
trans-membrane  proteins  which  span  the  lipid  bilayer,  or  proteins  that 
are  only  partially  embedded  into  one  side  of  the  bilayer.  As  a 
consequence  of  these  differences  between  periphal  and  integral  membrane 
proteins,  they  are  easily  distinguished  experiment ly.  Peripheral 
proteins  may  be  extracted  from  the  membrane  by  gentle  sonication  or  by 
high  salt  concentrations,  whereas  the  extraction  of  integral  proteins 
requires  more  vigorous  treatments  such  as  the  use  of  detergents.  The 
lipid  bilayer  may  be  thought  of  as  the  permeability  barrier  for  the 
cell,  while  the  membrane  proteins  function  as  active  transport  systems, 
enzymes,  hormone  receptors  and  other  things  associated  with  membrane 
act ivi ties. 
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One  of  the  many  interesting  questions  raised  by  this  model 
concerns  the  structural  and  dynamical  properties  of  the  lipid  bilayer. 
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An  enormous  heterogeneity  of  lipids  have  been  found  to  exist  in 
membranes,  indeed  even  within  the  same  membrane  (Guidotti,  1972). 
Questions  as  to  how  this  heterogeneity  is  involved  with  the  regulation 
of  membrane  protein  activity,  lipid  interactions,  and  membrane 
properties  encompass  a  major  portion  of  present  day  membrane  research.  I 
will  concentrate  my  review  primarily  on  the  membrane  lipids, 
specifically  on  the  organization  and  dynamics  of  the  lipid  molecules  in 
a  lipid  bilayer. 

In  the  past  fifteen  years  a  large  amount  of  research  has  been  done 
in  this  area  with  a  wealth  of  information  coming  from  spectroscopic 
techniques  (Anderson,  1978).  The  major  question  addressed  in  these 
studies  is  how  the  rates  of  motion  of  the  lipid  molecules  are  related  to 
the  structure  of  these  molecules.  In  order  to  address  this  question  the 
ideas  of  fluidity  and  order  of  the  acyl  chains  in  a  lipid  bilayer  must 
be  understood. 

A  great  deal  of  confusion  in  membrane  research  has  resulted  from 
the  ambiguity  of  the  term  "fluidity"  (Schreier  £t  al . ,  1978).  For  an 
isotropic  solution,  the  fluidity  is  defined  as  the  reciprocal  of  the 
viscosity.  Within  the  confines  of  this  strict  definition,  the  concept  of 
fluidity  cannot  be  strictly  applied  to  an  anisotropic  system  such  as  a 
lipid  bilayer,  which  exhibits  restricted  motion  and  partial  ordering  of 
the  lipid  molecules.  In  an  axially  symmetric  system  such  as  a  lipid 
bilayer  (Seiter  and  Chan,  1973;  Lichtenberg  et^  al . ,  1975),  fluidity  is 
described  as  a  measure  of  the  different  rates  of  motion  of  the  lipid 


molecules,  which  cannot  be  described  by  one  correlation  time  as  was  the 
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case  for  an  isotropic  system,  but  is  composed  of  a  number  of  different 
correlation  times  defining  the  motion  of  the  headgroups,  rotation  of  the 
acyl  chains  around  its  long  axis,  chain  tilting  within  the  bilayer  and 
t rans  gauche  isomerization  about  carbon-carbon  bonds.  Thus  measurements 
of  these  different  correlation  times  gives  information  about  the 
dynamics  of  the  lipids  within  the  bilayer. 

A  second  aspect  to  be  considered  is  the  organization  of  the  lipids 
in  the  bilayer.  A  structural  order  parameter  may  be  derived  that  is  a 
measure  of  the  average  position  of  a  particular  region  of  an  acyl  chain 
with  respect  to  the  axis  of  symmetry,  in  this  case  the  bilayer  normal. 
For  a  completely  ordered  bilayer  a  value  of  one  is  assigned  to  the  order 
parameter, Sz,  which  means  that  all  the  chains  are  in  the  all-trans 
conformation  and  are  arranged  parallel  to  the  bilayer  normal.  A  value  of 
zero  for  Sz  implies  a  completely  ’’random"  orientation  of  the  chain  with 
respect  to  the  bilayer  normal.  This  "random"  conformation  may  be  the 
result  of  the  isotropic  averaging  of  the  molecules  (fast  motion)  or  due 
to  the  "immobilization"  on  the  NMR  time  scale  of  the  acyl  chains  in  a 
highly  disordered  state  (slow  motion)  which  may  occur  in  the  case  of 
protein-lipid  interactions  in  the  bilayer  (Jost  e_t  al .  ,  1978;  Kang  et 
al . ,  1979).  Thus  values  of  the  order  parameter  between  these  two  limits 
are  a  measure  of  the  average  deviation  of  the  chain  segment  from  the 
bilayer  normal.  This  definition  of  the  order  of  a  system  does  not 
require  any  knowledge  of  the  rates  of  motion  of  the  molecules,  but  only 
that  these  motions  are  not  isotropically  averaged  within  the  time  frame 
of  the  experiment.  Although  the  order  parameter  is  a  structural 
parameter,  it  is  not  completely  independent  of  time.  If  a  motion  is  fast 
enough  to  isotropically  average  particular  structural  conformations, 
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then  the  measured  order  will  not  include  any  contributions  from  this 
conformation.  However,  if  the  experiment  is  repeated  where  the  time 
scale  is  shorter  and  this  conformation  is  not  isotropically  averaged, 
then  a  different  value  of  the  order  may  be  observed.  Such  a  situation 
may  arise  when  one  measures  the  order  with  nuclear  magnetic  resonance 
(NMR)  and  electron  spin  resonance  (ESR) ,  and  must  be  taken  into  account 
when  comparing  order  parameter  values  obtained  using  the  two  techniques. 

A  final  point  to  consider  is  that  for  a  system  in  which  Sz  is 
greater  than  zero,  the  components  must  be  undergoing  motional 
restriction  or  partial  ordering.  The  absolute  value  observed  for  the 
order  parameter  does  not  contain  information  about  the  absolute  rates  of 
motion  or  fluidity;  however,  for  a  particular  system,  such  as  a  lipid 

bilayer,  an  increase  or  decrease  in  the  order  parameter  (as  a  result  of 

a  decrease  or  increase  in  the  temperature  or  the  addition  of  choles¬ 
terol)  tells  us  that  the  degree  of  motional  restriction  experienced  by 
the  lipid  molecules  has  changed  (Peterson  and  Chan,  1977),  which  in  turn 
will  be  reflected  in  some  or  all  of  the  rates  of  motions  of  the  lipids. 

Thus  the  relative  changes  in  the  values  of  Sz  observed  for  a  particular 

system  using  the  same  experimental  technique  will  correlate  with  the 
relative  changes  in  the  fluidity,  where  an  increase  in  the  observed 
order  due  for  example  to  a  decrease  in  the  temperature,  implies  that 
there  has  been  a  relative  decrease  in  the  fluidity. 

A  number  of  spectroscopic  techniques  have  been  used  to  study  the 
structure  and  dynamics  of  acyl  chains  in  bilayer  systems.  In  the 
following  brief  review  I  present  the  information  that  has  been  obtained 
from  these  techniques  as  well  as  the  advantages  and  disadvantages 


inherent  in  each. 
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A.  Infrared  and  Raman  Spectroscopy 

Infrared  and  Raman  spectroscopy  sample  the  vibrational  transitions 
of  molecular  bonds,  which  occur  on  a  time  scale  in  the  range  of  10"11 
seconds.  Since  these  times  are  much  faster  than  any  of  the  motions 
experienced  by  the  lipid  molecules  (translation,  rotation,  or  isomeri¬ 
zation)  ,  this  technique  gives  us  a  static  picture  of  the  bilayer,  which 
contains  no  information  about  the  rate  of  motion  of  the  molecules.  There 
is  also  a  large  amount  of  spectral  overlap  of  a  number  of  the  relevant 
vibrational  transitions  (Gaber  £t  al . ,  1978),  which  complicates  the 
assignments  of  the  spectral  peaks.  These  problems  may  be  partially  over¬ 
come  by  the  use  of  deuterated  fatty  acids,  where  the  carbon-deuteron 
bond  vibration  can  be  differentiated  from  the  carbon-hydrogen  bond 
(Mendelson  e_t  a  1 .  ,  1976);  however,  up  to  this  point  use  of  deuterated 
fatty  acids  have  been  limited  primarily  to  simple  model  systems 
(Lavialle  and  Levin,  1980;  Levin  and  Bush,  1981;  Cameron  et^  al . ,  1980). 
The  biggest  disadvantage  in  the  use  of  infrared  spectroscopy  is  the 
large  absorbance  due  to  water,  which  when  present  obscures  the  tran¬ 
sitions  of  interest.  Water,  however,  does  not  affect  the  raman 
scattering  experiment  (Lippert  and  Peticolas,  1971).  The  advantages  of 
this  type  of  spectroscopy  are  that  it  is  non-perturbing  in  that  no  probe 
needs  to  be  added,  and  the  vibrational  transition  frequencies  are  depen¬ 
dent  on  the  conformation  of  the  fatty  acid  chains  (Gaber  and  Peticolas, 
1977;  Cameron  et  al . ,  1980).  Thus  it  is  sensitive  to  the  number  of 
gauche  conformers  present  in  the  acyl  chain,  which  in  turn  can  be 
related  to  the  degree  of  order  in  the  bilayer  (Trauble,  1971;  Gaber  and 
Peticolas,  1977).  These  studies  have  shown  that  at  temperatures  well 
below  the  phase  transition,  where  all  the  lipid  is  in  the  gel  state, 
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there  still  exists  some  disorder  in  the  acyl  chain  packing,  indicated  by 
the  presence  of  gauche  and  "kink"  conformers  (Trauble,  1971).  As  the 
temperature  is  increased,  the  average  number  of  these  conformers 
gradually  increases  until  the  onset  of  the  gel— to— 1 iquid  crystalline 
phase  transition.  At  this  point,  there  is  a  large  decrease  in  the  order 
of  the  chains  and  a  large  increase  in  the  average  number  of  gauche 
conformers  (Mendelson  and  Maisano,  1978).  These  observations  agree  with 
earlier  x  ray  diffraction  and  electron  microscopic  results  which  show  an 
increase  in  the  area  occupied  by  the  individual  chains  (Engelman,  1971), 
accompanied  by  a  decrease  in  the  bilayer  thickness  (Terry  et  al . ,  1967) 
as  one  goes  from  the  gel  to  the  liquid-crystalline  state.  These  results 
are  interpreted  as  a  decrease  in  the  average  chain  length  due  to  the 
increase  in  the  number  of  gauche  conformers  present  in  the  acyl  chain  in 
the  liquid-crystalline  state. 

B .  Fluorescence  Spectroscopy 

The  major  advantages  of  fluorescence  and  ESR  spectroscopy  are  the 
high  sensitivity  of  these  probes  and  the  relative  ease  with  which  the 
data  obtained  may  be  analyzed.  In  a  fluorescence  polarization  experiment 
a  probe- to-hos t  lipid  ratio  in  the  range  of  1  to  500  is  sufficient  to 
obtain  good  experimental  results.  When  fluorescent  probes  are  inter¬ 
calated  into  lipid  bilayers,  they  exhibit  anisotropic  motion.  Thus  when 
one  measures  the  decay  of  the  polarization  of  these  probes,  it  is 
possible  to  extract  the  orientational  and  motional  parameters  of  these 
probes,  which  in  turn  may  be  correlated  to  the  orientation  and  dynamics 
of  the  probe  environment  (Shinitzky  and  Barenholz,  1978),  within  the 


time  scale  of  10“*  to  10'5  seconds. 
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These  probes  may  be  divided  into  three  types.  Probes  such  as 
l~ani 1 ino~8~napthalene  (AN)  or  diphenylhexatr i ene  (DPH)  are  lipid 
soluble  and  freely  diffusable  within  the  bilayer,  but  do  not  have 
structures  closely  resembling  those  of  natural  lipids  (see  fig.  1).  A 
second  type  is  represented  by  n- (9~anthroyloxy) -fatty  acids,  in  which 
the  fluorescent  group  is  covalently  linked  to  a  fatty  acid,  which  may 
either  be  incorporated  into  a  phospholipid  or  intercalated  into  the 
bilayer  as  a  free  fatty  acid.  Thirdly,  probes  such  as  the  parinaric 
acids,  which  are  naturally  occurring,  highly  conjugated  polyunsaturated 
fatty  acids. 

A  major  problem  associated  with  the  first  type  of  probe  is  that 
their  position  in  the  bilayer  is  not  known  (Lentz  et^  al . ,  1976).  Because 
these  probes  are  freely  diffusable  throughout  the  bilayer,  differences 
detected  in  their  fluorescence  may  reflect  changes  in  the  bilayer  or  may 
be  the  result  of  changes  in  the  distribution  of  the  probe  within  the 
bilayer.  Recent  results  have  indicatd  that  these  probes  may  preferen¬ 
tially  partition  at  lipid  phase  boundaries  or  around  membrane  proteins 
(Thulborn  and  Sawyer,  1978) .  This  disadvantage  may  be  overcome  by  the 
use  of  the  other  types  of  probes  described  above.  In  these  cases  the 
fluorescent  group's  position  relative  to  the  surface  of  the  bilayer  is 
fixed  and  only  lateral  diffusion  of  the  probes  occur  (Thulborn  and 
Sawyer;  1978,  Lesshauer  et_  al ♦ ,  1972).  Intuitively  one  might  predict 
that  the  extent  of  perturbation  introduced  into  a  bilayer  by  a  probe 
will  be  closely  related  to  its  size.  This  predicts  that,  with  the 
exception  of  parinaric  acid,  fluorescent  probes  will  be  more  perturbing 
than  ESR  probes  (see  fig.  1).  Cadenhead  and  co-workers  (1975),  however, 
have  shown  that  the  amount  of  perturbation  is  not  only  a  function  of  the 


8 


FLUORESCENCE  POLARIZATION 


Trons  Porinoric  Acid 


Anthrovloxv  Fatty  Acid 


ELECTRON  SPIN  RESONANCE 


Doxvl  Fottv  Acid 


CH3(CH2)m-C^  (CH2)n-COOH 
0  N-»0 


NUCLEAR  MAGNETIC  RESONANCE 


monoDeuterated 

monoFluorinalcd 


^  Fatty  Acid 


R 

I 

CH3(CH2)m-C-(CH2)n-COOH 

fi 


diFluorlnated  Fatty  Acid 


CHj(CH2WCF2’(CH2V  C00H 


Fig.  1.  The  structure  of  some  of  the  commonly  used  spectroscopic 
probes  of  lipid  bilayers. 
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size  but  also  of  the  relative  polarity  of  the  probe.  They  did  studies 
using  a  Wihelmy  plate  film  balance,  which  measures  changes  in  surface 
pressure  and  surface  potential  as  a  function  of  the  surface  area  of  the 
molecular  film.  They  showed  that  12- (9~anthroyloxy)  stearic  acid  had  the 
same  surface  potential  as  that  of  stearic  acid,  indicating  that  the 
anthroyloxy  group  was  not  exposed  to  the  surface  but  remains  buried  in 
the  hydrophobic  region  of  the  film.  Mixed  films  of  this  probe  and 
dipalmitoyl  phosphatidylchol i lne  (PC)  in  a  ratio  of  1:50  showed  signifi¬ 
cant  negative  deviations  in  the  surface  pressure  when  compared  to  pure 
dipalmitoyl  PC  films.  This  suggests  the  anthroyloxy  group  actually  had  a 
condensing  effect  on  the  PC  film,  leading  to  the  conclusion  that  these 
probes  have  a  marked  effect  on  their  microenvironment.  Extensive  studies 
on  the  behavior  of  fluorescent  probes  in  lipid  bilayers  have  been  done 
(Bladely  e_t  al .  ,  1973;  Shinitzky  ejt  al  ♦  ,  1971 ;  Shinitzky  and  Barenholz, 
1978).  The  results  observed  in  fluorescence  polarization  experiments  were 
found  to  depend  on  the  particular  probe  used  (Bladely  e_t  al .  ,  1973).  The 
introduction  of  cholesterol  into  the  lipid  bilayer  due  to  the  addition 
of  cholesterol  (But leret  al . ,  1970)  was  found  to  have  different  effects 
on  various  probes.  Cholesterol  had  hardly  any  effect  on  the  apparent 
mobility  of  12-  (9-anthroy 1 oxy)  stearic  acid,  whereas  it  drastically 
reduced  the  mobility  of  the  probe  2,  2 ' -Vinyl enedi-£-phenyl enebi sbenzox- 
azole  (VPBO)  (see  fig.  1),  both  probes  of  the  hydrophobic  region  of  the 
bilayers.  In  addition,  for  the  two  surface  probes,  n-octadecylnaphthyl- 
2-amino-6~sulf onic  acid  (ONS)  and  AN,  cholesterol  was  shown  to  have 
opposite  effects  on  their  mobility.  Cholesterol  increased  the  mobility 
of  ONS  while  it  decreased  the  mobility  of  AN  when  it  was  present.  Proton 
magnetic  resonance  studies  have  also  been  done  in  the  presence  of  a 
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number  of  different  fluorescent  probes  to  evaluate  their  effects  on  acyl 
chain  properties  (Podo  and  Blasie,  1977).  Incorporation  of  12- (9~ 
anthroyl oxy)  stearic  acid  into  dipalmitoyl  PC  liposomes  was  found  to 
selectively  increase  the  chemical  shift  of  some  of  the  methylene  protons 
as  well  as  decrease  the  T  values  of  these  protons.  Selective  line 
broadening  was  also  observed  indicating  that  the  probe  reduces  the 
motion  of  the  methylene  and  methyl  terminal  portions  of  the  acyl  chains. 
These  results  agree  with  the  molecular  film  studies  previously 
discussed,  which  suggest  this  probe  has  a  condensing  effect  on  the 
neighbouring  acyl  chains  when  present  in  the  bilayer.  The  9~anthroyloxy 
derivatives  of  stearic  and  palmitic  acid,  where  the  anthroyloxy  group 
has  been  covalently  linked  to  various  positions  of  the  fatty  acid  chain, 
have  been  used  to  evaluate  the  mobility  of  the  different  segments  of  the 
chain  in  a  bilayer  (Tilley  et^  al . ,  1979;  Thulborn  and  Sawyer,  1978). 
These  studies  reveal  that  the  mobility  of  the  probe  increases  linearly 
as  its  distance  from  the  headgroup  increases  in  PC  liposomes  (see  fig. 
2). 


C.  Electron  Spin  Resonance  Spectroscopy 

With  the  discovery  of  stable  nitroxide  groups,  the  use  of  ESR  as  a 
probe  of  membrane  structure  became  a  powerful  technique  (Hubbell  and 
McConnell,  1971).  The  more  commonly  used  probes  are  listed  in  fig.  1, 
and  are  somewhat  analogous  to  the  previously  mentioned  fluorescent 
probes.  TEMPO  is  a  freely  diffusable  probe  similar  to  AN  and  DPH,  while 
the  fatty  acids  with  the  covalently  linked  nitroxide  group  resemble  the 
n-(9  -anthroyloxy)  fatty  acid  probes.  When  these  probes  are  intercalated 
into  lipid  bilayers  they  also  exhibit  anisotropic  motion,  and  from  the 
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(A)  Fluorescence  Polarization  ( B)  Electron  Spin  Resonance 


(C)  Nuclear  Magnetic  Resonance 


Fig.  2.  The  order  profiles  of  lipid  bilayers  obtain  with  fluores¬ 
cence,  ESR ,  and  NMR  spectroscopy.  For  references  see  text. 
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distances  between  the  hyperfine  splittings  an  order  parameter  may  be 
calculated  (Anderson,  1978).  In  addition,  the  width  of  the  resonance 
lines  are  sensitive  to  the  rates  of  motion  within  the  time  scale  of  10"7 
to  10' ’  seconds.  Motions  with  frequencies  of  less  than  107  hertz  (Hz) 
are  too  slow  to  be  detected  by  ESR,  while  those  greater  than  10’  Hz  are 
isotropically  averaged  to  zero.  As  is  the  case  for  fluorescent  probes, 
the  ESR  probes  are  very  sensitive,  thus  only  small  quantities  of  the 
probe  are  needed,  typically  of  the  order  of  one  percent. 

The  similarities  between  the  ESR  and  fluorescent  probes  outlined 
above  subject  these  probes  to  the  same  criticisms  in  terms  of  the  amount 
of  perturbation  introduced  into  the  bilayer.  As  late  as  1975  some 
workers  had  concluded  that  ESR  probes  did  not  introduce  any  major 
perturbations  into  the  bilayer  at  concentrations  of  less  than  or  equal 
to  17.  of  the  lipid  present.  It  was  thought  these  levels  were  low  enough 
to  preclude  any  perturbation  due  to  the  probe  (Hubbell  and 
McConnel 1 , 1971 ;  Heminga,  1975).  The  se  conclusions  were  based  on  obser¬ 
vations  of  little  or  no  macroscopic  changes  in  the  properties  of  the 
lipid  bilayer  in  response  to  the  presence  of  the  nitroxide  probes. 

Ni troxide-label 1 ed  stearic  acid  intercalated  into  dipalmitoyl  PC  lipo¬ 
somes  accurately  reported  the  gel-to-1 iquid  crystalline  phase 
transition,  seen  as  an  abrupt  increase  in  the  mobility  of  the  probe 
(Hubbell  and  McConnell,  1971).  In  addition,  varying  this  probe  concen¬ 
tration  from  17.  to  as  low  as  0.027  did  not  affect  the  calculated  values 
of  the  order  parameter  or  the  observed  rates  of  motion  of  the  probe 
(Heminga,  1975).  These  experiments,  however,  cannot  answer  questions 
about  the  microenvironmental  changes  introduced  into  the  acyl  chain 
properties  by  the  probe  molecules.  Such  changes  could  result  in 
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erroneous  predictions  concerning  the  absolute  and  relative  values  of 
both  orientational  and  dynamical  properties  of  the  acyl  chains.  A 
comparison  of  the  effects  of  the  12-nitroxide  stearic  acid  and  12—  (9~ 
anthroyloxy)  stearic  acid  in  monomolecular  films  indicates  that  the 
nitroxide  group  is  more  disruptive  than  the  anthroyloxy  group.  Signifi¬ 
cant  increases  in  both  the  surface  potential  and  the  surface  pressure  of 
the  film  are  seen  when  the  nitroxide  group  is  present  (Cadenhead  e^t  al . 

,  1975).  These  results  indicate  the  nitroxide  moiety  preferentially 
interacts  with  the  aqueous  surface  at  lower  temperatures,  due  to  the 
relatively  high  polarity  of  this  group, which  may  result  in  its  exclusion 
from  the  hydrophobic  core  when  the  bilayer  is  in  the  gel  state.  If  the 
temperature  is  increased  one  observes  an  initial  decrease  in  the  surface 
pressure  exhibited  by  the  monolayer  when  the  probe  is  present  (Bell  et 
al . ,  1978;  Cadenhead  and  Mul 1 er-Landau ,  1974) .  This  is  thought  to  occur 
because  the  increase  in  temperature  decreases  the  order  of  the  monolayer 
which  allows  the  probe  to  intercalate  into  the  hydrophobic  region  of  the 
monolayer.  This  in  turn  would  result  in  a  reduction  in  the  area  occupied 
by  the  probe  molecules.  This  conclusion  is  consistent  with  reports  that 
12~ doxyl  stearic  acid  preferentially  partitions  into  the  more  fluid  or 
disordered  regions  of  the  lipid  bilayer  (Butler  e_t  a 1 . ,  1978;  Oldfield 
et  al . ,  1972) .  Comparison  of  the  observed  order  parameter  versus  label 
position  on  the  acyl  chains  of  dipalmitoyl  PC  vesicles  reveals  large 
differences  between  the  results  obtained  with  NMR  (using  deuterated 
stearic  acids)  and  ESR  (using  doxyl  stearic  acids)  (Taylor  and  Smith, 
1980;  Seel  ig  and  Niederberger ,  1974;  Butler  et  a_K,  1978).  The  ESR 


probes  indicate  that  the  order  of  the  acyl  chains  decreases  linearly 
from  the  carbonyl  group  to  the  methyl  terminus,  whereas  the  NMR  probes 
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indicate  that  the  order  of  the  chains  remains  constant  up  to  the 
10  position,  followed  by  a  rapid  decrease  towards  the  methyl  terminus 
(see  fig.  2).  These  results  are  difficult  to  explain  in  the  absence  of 
any  perturbation  due  to  the  ESR  probe  even  in  light  of  the  time  scale 
differences  between  the  two  techniques.  If  a  motion  is  fast  enough  to  be 
averaged  on  the  NMR  time  scale  but  not  the  ESR  time  scale,  then  the 
additional  anisotropic  motion  seen  in  the  ESR  experiment  would  be 
expected  to  increase  the  magnitude  of  the  observed  order  parameters 
relative  to  those  observed  in  the  NMR  experiment.  In  fact  one  sees  a 
decrease  rather  than  an  increase  in  these  values,  indicating  that  these 
ESR  probes  introduce  a  significant  perturbation  into  their  microenviron¬ 
ment  when  incorporated  into  the  hydrophobic  region  of  the  lipid  bilayer 
(Seelig  and  Ni ederberger ,  197A) . 

D.  Nuc 1  ear  Magnet i c  Resonance  Spectroscopy 

The  disadvantages  of  NMR,  that  have  restricted  its  use  as  a 
technique  for  the  study  of  acyl  chain  order,  are  the  relative  insensi¬ 
tivity  of  this  method  and  the  complexity  involved  in  trying  to  analyze 
the  spectra  once  obtained.  Recent  technical  advances  have  partially 
overcome  the  first  problem,  while  the  theoretical  treatment  required  for 
the  analysis  of  the  spectra  has  become  better  developed  in  recent  years 
(Peterson  and  Chan,  1977;  Bloom  et  al . ,  1975;  Niederberger  and  Seelig, 
1976) . 

A  major  advantage  over  the  other  spectral  techniques  is  the 
non-perturbing  nature  of  the  NMR  probes.  A  number  of  nuclei  have  proven 
useful  in  studies  of  model  and  biological  membrane  systems,  notably:  1Hj 
1,F;  2H;  13C;  31P;  and  15N,  listed  in  order  of  decreasing  sensitivity 
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with  respect  to  the  NMR  experiment. 

The  nuclei  31P  and  15N  have  been  used  to  study  the  orientation  and 
mobility  of  the  lipid  headgroups  (Kohler  and  Klein,  1977;  DuFourcq  and 
Lussan,  1972),  while  13C  has  been  shown  to  be  potentially  ideal  for 
measurements  of  correlation  times  of  both  the  headgroups  and  different 
regions  of  the  acyl  chains  (Cornell  et  al . ,  1980).  However,  up  to  very 
recently  the  low  sensitivity  (.25  that  of  3H)  coupled  with  the  low 
natural  abundance  of  13C  (1.2%),  has  limited  its  use  as  a  membrane  probe 
(Smith,  1979). 

Of  the  nuclei  listed  above  primarily  three,  3H,  1,F,  and  2H,  have 
been  used  to  study  the  organization  of  acyl  chains  in  a  lipid  bilayer. 

Of  these  3H  is  the  most  sensitive;  however,  it  is  ubiquitous  in  lipids, 
precluding  its  use  for  measurements  of  segmental  order  parameters  along 
the  acyl  chain.  Measurements  of  the  average  order  of  the  chains 
expressed  in  terms  of  an  order  parameter  have  been  determined  (Ulmius  et 
al . ,  1975) ,  but  this  offers  no  insight  into  the  differences  that  exist 
in  the  ordering  of  different  regions  of  the  acyl  chains. 

By  far  the  most  used  nucleus  in  these  types  of  studies  has  been 
deuterium  (2H) .  Fatty  acids  may  be  specifically  deuterated  so  that  the 
location  of  the  probe  in  the  bilayer  is  known,  and  the  order  of  specific 
regions  of  the  chains  may  be  determined.  The  first  study  utilizing  this 
technique  was  done  with  selectively  deuterated  dipalmitoyl  PC  with  the 
deuterium  located  at  various  positions  along  the  acyl  chain  (Seelig  and 
Seelig,  1974) .  It  was  shown  that  the  ordering  of  the  palmitoyl  chains 
above  the  phase  transition  remained  constant  up  to  10  carbons  from  the 
glycerol  backbone  followed  by  a  rapid  decrease  in  the  order  from  the 
10-position  to  the  methyl  terminus  (see  fig.  2).  The  first  application 


. 

■ 


16 


of  the  technique  to  a  biological  membrane  was  the  incorporation  of 
deuterated  palmitic  acids  into  the  plasma  membrane  of  Acholeplasma 
laidlawi i  B  (Stockton  at  al ♦ ,  1975) .  The  isolated  membrane  contained 
approximately  707.  palmitate,  and  the  order  parameter  profile  of  this 
membrane  above  its  phase  transition  temperature  was  remarkably  similar 
to  that  observed  in  the  dipalmitoyl  PC  model  system,  the  only  difference 
being  a  large  decrease  in  the  absolute  values  of  the  order  parameter  in 
the  laidlawii  B  membrane,  indicating  that  this  biological  membrane  is 
much  more  disordered  than  the  model  systems.  The  success  of  these 
experiments  has  led  to  this  technique  being  applied  to  other  biological 
systems,  notably  Escherichia  col i  (Nichol  et^  al . ,  1980;  Davis  etal . , 
1979).  The  disadvantage  of  deuterium  is  its  relatively  low  sensitivity 
(0.A1  that  of  XH)  in  the  NMR  experiment.  In  order  to  obtain  spectra  with 
s ignal-to-noi se  ratios  comparable  to  those  obtained  with  fluorine  under 
similar  experimental  conditions,  approximately  A  times  the  amount  of 
deterium  would  be  required.  Thus  large  amounts  of  the  probe  are  usually 
required  in  the  system  under  study,  and  typically  deuterated  fatty  acid 
enrichments  of  greater  than  50  mole  7.  are  employed. 

The  greater  sensitivity  of  fluorine  (0.9A  of  1H)  means  that  much 
less  of  the  probe  must  be  present,  thus  one  can  determine  the  order  of 
the  membrane  bilayer  in  a  system  where  the  probe  is  not  the  major' 
constituent  of  the  membrane  fatty  acids.  The  similarity  in  size  and 
reactivity  of  the  fluorine  atom  in  an  alkyl  chain  to  that  of  hydrogen 
suggests  that  fluorine  may  be  a  relatively  non-perturbing  probe  of 
membrane  structure.  To  date  there  have  been  studies  done  using 
monof  1  uor inat ed  fatty  acid  probes  (Birdsall  e_t  al .  ,  1971)  »  as  well  as 
studies  using  di f luorinated  fatty  acids,  with  the  two  fluorines  bonded 
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to  the  same  carbon  atom  in  the  alkyl  chain  (Gent  et  al . ,  1976;  Gent  et^ 
si ■ »  1978;  Gent  and  Ho,  1978).  All  of  the  work  in  biological  systems 
have  been  done  with  dif luorinated  fatty  acids  in  Escherichia  coli 
membranes;  however,  recent  reports  indicate  that  the  dif luorinated  probe 
may  introduce  a  significant  perturbation  into  the  acyl  chain  packing  and 
interactions  (Oldfield  et  aK_,  1980;  Sturtevant  et  ,  1979;  Longmuir 
et  al . ,  1977) .  DSC  studies  of  dimyristoyl  PC  mixtures  of  the  difluori- 
nated  and  non-f luorinated  myristic  acids  indicate  that  the  two  fluorine 
atoms  may  be  acting  as  a  "pseudo-unsaturated  site  in  the  acyl  chain” 
(Sturtevant  et^  al .  ,  1979).  In  addition,  observations  of  the  order 
parameter  from  deuterium  NMR  in  the  presence  and  the  absence  of  the 
di f luorinated  probe  indicated  that  this  substitution  introduces  a  local 
disordering  of  the  acyl  chains,  which  was  observed  as  a  30%  decrease  in 
the  calculated  deuterium  order  parameter  in  the  region  of  the  difluoro 
group  (Oldfield  £t  al . ,  1980). 

In  summary,  each  of  the  techniques  discussed  above  have  some  limi¬ 
tations.  Clearly  the  most  versatile  are  the  fluorescent  and  ESR  probes, 
which  require  the  presence  of  very  small  amounts  of  probe.  However,  one 
must  always  be  aware  of  the  perturbation  introduced  into  the  system  when 
using  these  probes.  The  NMR  probes  are  much  less  sensitive  than  either 
the  fluorescent  or  ESR  probes,  which  makes  them  impractical  to  use 
unless  relatively  large  amounts  of  the  probe  may  be  introduced  into  the 
system  under  study.  Nevertheless,  the  non-perturbing  nature  of  these 
probes  make  them  ideally  suited  for  studies  of  the  acyl  chain  order, 
where  even  small  perturbations  may  lead  to  erroneous  results. 

The  purpose  of  this  work  is  to  look  at  the  effect  of  acyl  chain 
structure  on  the  order  of  fatty  acid  chains  through  the  lipid  bilayer  in 
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the  membrane  of  A^_  1 a i dl awi i  B,  using  a  series  of  monof luorinated 
palmitic  acid  analogs  as  NMR  probes.  The  approach  used  is  to  incorporate 
a  number  of  structurally  different  fatty  acids  into  the  plasma  membrane 
of  laidlawi i  B  along  with  a  small  amount  of  one  of  the  fluorinated 
fatty  acids.  When  this  organism  is  cultured  in  the  presence  of  avidin,  a 
biotin-binding  protein,  endogenous  fatty  acid  synthesis  is  abolished 
(Si-lvius  and  McElhaney,  1978a).  Under  these  conditions  the  organism 
readily  incorporates  exogeneous  fatty  acids  into  its  plasma  membrane, 
thus  the  membrane  may  be  made  homogeneous  with  respect  to  its  fatty  acid 
composition  for  a  number  of  different  fatty  acids  (Silvius  et^  al . , 

1980).  If  a  small  amount  of  one  of  the  monof luorinated  palmitic  acid 
probes  is  added  along  with  a  particular  exogenous  fatty  acid,  then  in 
principle  the  order  parameter  profile  characteristic  of  that  exogenous 
fatty  acid  may  be  determined. 

With  this  in  mind  I  have  synthesized  a  series  of  monof luorinated 
palmitic  acid  analogs  to  use  as  NMR  probes  in  this  system.  Fluorine  was 
chosen  because  of  its  high  sensitivity  in  the  NMR  experiment  as  well  as 
its  similarity  in  size  and  reactivity  to  hydrogen  in  an  alkyl  chain, 
with  the  expectation  that  this  substitution  will  introduce  very  little 
perturbation  into  the  bilayer.  To  test  this  assumption  I  have  also 
carried  out  experiments  using  a  number  of  different  approaches  to 
evaluate  the  magnitude  of  the  perturbation  induced  by  the  substitution 
of  a  single  hydrogen  by  one  fluorine  atom  in  a  fatty  acid  chain. 


II.  MATERIALS  AND  METHODS 


A.  Materials 

Growth  Medium  for  Acholeplasma  laidlawi i  B :  Bacto  peptone,  bacto 
heart  infusion  broth  and  bacto  yeast  extract  were  obtained  from  Difco 
Laboratories  (Detroit,  Mich.).  Fatty  acid-depleted  bovine  serum  albumin, 
a  product  of  Miles  Biochemicals  (Elkhart,  Ind.),  was  further  delipidated 
following  the  procedure  described  by  Chen  (1967).  Avidin  was  supplied  by 
Sigma  (St.  Louis,  Mo.)  and  penicillen  G  was  obtained  from  Ayerst 
Laboratories  (Montreal,  Quebec). 

Chemicals :  All  fatty  acids  used  in  this  study  were  products  of 
either  Nu~Chek  prep  (Elysian,  Minn.)  or  Analabs  (North  Haven,  Conn.). 
Dipalmitoyl  phosphatidylcholine  (PC)  and  glycerophosphoryl chol ine 
cadmium  chloride  adduct,  a  precursor  used  in  the  synthesis  of  the  PC's, 
were  products  of  Sigma  (St.  Louis,  Mo.).  The  precursors  used  in  the  syn¬ 
thesis  of  the  monof luorinated  palmitic  acid  derivatives  were  products  of 
either  Aldrich  Chemicals  (Milwaukee,  Wise.),  Fischer  Scientific 
(Edmonton,  Alta.)  or  K  and  K  (Irvine,  Calif.).  Tetrabutylammonium  iodide 
and  silver  monofluoride,  used  in  the  synthesis  of  tetrabutylammonium 
fluoride,  were  products  of  Aldridge  and  ICN  Pharmaceuticals,  Inc. 
(Plainview,  New  York),  respectively.  All  chemicals  used  were  reagent 
grade.  The  organic  solvents  used  were  all  redistilled  and  anhydrous 
solvents  were  prepared  as  described  in  Vogel  (1956).  All  gases  were 

products  of  Union  Carbide  of  Canada  (Oakville,  Ont.).  Inorganic  reagents 
used  in  chemical  synthesis  and  buffers  were  products  of  Fischer 
Scientific  or  Baker  Chemical  Co.  (Phi  1 1 ipsburg ,  N.S.)  and  were  of 
reagent  grade  or  higher  purity. 
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Chromatography  Suppl i es :  Gas-liquid  chromatography  (GLC)  columns 
composed  of  10%  diethylene  glycol  succinate  on  Anakron  B  were  products 
of  Anal abs .  Bio~Sil  A,  used  for  column  chromatography,  was  a  product  of 
Bio-Rad  (Mississauga,  Ont.).  Silica  gels  G  and  H,  used  in  analytical  and 
preparative  thin-layer  chromatography  (TLC) ,  were  products  of  Macherey, 
Nagel  and  Company  (Germany) . 

Organism :  Achol eplasma  laidlawi i  B  was  originally  obtained  from 
Dr.  G.  Edwards  (Wellcome  Research  Laboratories,  Beckenham,  England). 

B .  Methods 

Growth  Condi t i ons :  Achol epl asma  laidlawi i  B  was  grown  statically 
at  36°C  in  Razin  media  prepared  as  described  by  Silvius  and  McElhaney 
(1978b).  12  grams  of  bacto  heart  infusion  broth  together  with  5  grams 
each  of  bacto  peptone  and  bacto  yeast  extract  were  dissolved  in  200  ml 
of  distilled  water,  acidified  to  pH  4  with  HC1  and  extracted  twice  with 
50  ml  of  chloroform.  The  solution  was  made  up  to  one  liter  by  addition 
of  distilled  water,  3.7  grams  of  Tris-HCl  was  added  as  a  buffer,  and  the 
solution  was  titrated  to  pH  8.2  with  407.  NaOH.  The  media  was  autoclaved 
and  stored  at  4°C  (up  to  three  months)  until  used.  The  day  before 
innoculat i on  the  media  was  supplemented  with  0.4%  weight  by  volume  (w/v) 
1 ipid~depleted  bovine  serum  albumin,  0.25%  w/v  glucose  and  105 
I. U. /liter  of  penicillen  G.  2.5  mg/liter  of  avidin  was  also  added  where 
stated.  Exogeneous  fatty  acids  were  added  to  the  growth  media  to  a  final 
concentration  of  0.12mM.  The  fatty  acid  mixtures  were  first  dissolved  in 
0.2ml  of  ethanol  before  added  to  the  media. 

Preparation  of  Membranes :  Membranes  were  prepared  as  described  by 
Pollack  and  co-workers  (1965).  Cells  were  harvested  in  late  log  phase  by 
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centrifugation  for  20  minutes  at  10,000  g.  The  cells  from  one  liter  of 
media  were  washed  once  in  a  solution  of  0.15A  M  NaCl,  20  mMg  -mercapto- 
ethanol  and  0.05  M  Tris-HCl  at  pH  7. A  (j3-buf fer)  .  The  cells  were  resus¬ 
pended  in  5  ml  of  ^-buffer,  diluted  into  290  ml  of  distilled  water  at 
37  C,  and  incubated  for  30  minutes,  resulting  in  cell  lysis.  Unlysed 
cells  and  cellular  debris  were  pelleted  at  8000  g  for  8  minutes.  The 
supernatant  was  then  centrifuged  at  30,000  g  for  A0  minutes  to  pellet 
the  plasma  membranes.  The  membrane  pellet  was  washed  once  with  1/20 
3-buffer  then  resuspended  in  one  ml  of  1/20  3-buffer  containing  951 
deuterium  oxide  for  nuclear  magnetic  resonance  (NMR)  or  DSC  studies. 

Lipid  Extraction:  Lipids  were  extracted  from  whole  cells  or 
isolated  membranes  following  basically  the  procedure  described  by  Bligh 
and  Dyer  (1959).  Washed  whole  cells  or  cell  membranes  were  pelleted  and 
resuspended  in  8  ml  of  a  solution  of  0.15A  M  NaCl,  0.01  M  MgSO^  and 
0.02  M  Tris-HCl  at  pH  8.0  (bt-buffer)  .  To  this  was  added  20  ml  of  methanol 
and  the  solution  was  incubated  at  50°  for  30  minutes  to  solubilize  the 
lipids  and  denature  the  proteins.  To  this  solution  30  ml  of  chloroform 
(CHCl^) ,  25  ml  of  water,  then  50  ml  CHC1  were  added  sequentially  with 
vigorous  shaking  after  each  addition.  The  upper  aqueous  phase  was  dis¬ 
carded  and  the  CHCl^  fraction  was  applied  to  a  silicic  acid  column.  The 
column  was  washed  with  four  volumes  of  CHCI3  to  remove  neutral  lipids 
and  caratenoids,  and  the  eluant  discarded.  The  polar  lipid  fraction  was 
eluted  from  the  column  with  methanol  and  concentrated  i_n  vacuo . 

Fatty  Acid  Analysis :  The  fatty  acid  composition  of  the  total 
membrane  lipids  was  determined  by  GLC  as  described  by  Silvius  and 
McElhaney  (1978b).  Isolated  lipids  were  dissolved  in  anhydrous  methanol 
(up  to  10  mg/ml)  containing  3 l  sulfuric  acid  and  allowed  to  react  for 
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two  hours  at  60  C.  Three  volumes  of  water  were  added  and  the  fatty  acid 
methyl  esters  were  extracted  into  two  volumes  of  hexane.  The  samples 
were  concentrated  under  nitrogen,  dissolved  in  a  small  volume  of  hexane 
(  100  ul)  ,  and  analyzed  by  GLC,  using  a  Hewlett-Packard  5700A  gas 
chromatograph.  The  signal  from  the  ionization  detector  which  is  propor¬ 
tional  to  the  mass  of  the  eluting  compound,  was  coupled  to  a 
Hewlett-Packard  3370  B  integrator  for  analysis. 

Differential  Scanning  Calorimetry:  DSC  samples  were  prepared  by 
vortexing  known  amounts  of  lipids  with  distilled  water  at  50-60°C  for 
three  minutes.  DSC  was  performed  with  a  Micro-Cal  MC~1  high-sensitivity 
differential  scanning  calorimeter  using  a  heating  scan  rate  of 
30°C/hour.  The  areas  of  the  peaks  were  determined  by  tracing  the  peaks, 
cutting  the  traces  out  and  weighing  the  paper.  Each  peak  was  done  at 
least  three  times  and  the  area  taken  as  the  average  value  obtained. 

These  values  were  calibrated  with  the  amount  of  heat  absorbed.  The  final 
concentration  of  phospholipid  in  the  samples  was  determined  by  quanti¬ 
tating  the  amount  of  esterified  fatty  acid  present  using  GLC  in  the 
presence  of  a  fatty  acid  internal  standard. 

Nuclear  Magnet i c  Resonance:  Samples  of  membranes  for  NMR  analysis 
were  suspended  in  1/20  3“ buffer  containing  95/C  deuterium  oxide  as 
previously  described.  Spectra  were  collected  using  a  Bruker-270  MHz 
spectrometer  at  a  fluorine  resonance  frequency  of  254.025  MHz,  using 
quadrature  detection  at  a  spectral  width  of  ±50,000  Hz.  Where  spectra 
were  collected  at  different  temperatures  for  the  same  sample,  the 
temperature  was  allowed  to  equilibrate  for  30  minutes  before  spectra 
were  collected.  Temperatures  were  accurate  to  1  K.  Typically  2.5x10 
scans  were  accumulated  for  samples  in  which  the  membrane  lipids  were  in 
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the  liquid-crystalline  state  (  2  hrs) ,  and  1.25x10s  scans  when  the  gel 
state  (  8  hrs).  Samples  were  pulsed  for  15  usee  followed  by  a  20  usee 
receiver  blanking  pulse.  An  acquisition  time  of  200  msec  was  used  and 
the  free  induction  decay  (FID)  was  digitized  into  4  K  data  points.  The 
FID  s  were  collected  in  blocks  of  5000  scans  which  were  averaged 
together  to  give  the  final  block— averaged  FID,  which  was  stored  on  a 
computer  disc  for  analysis.  Where  the  first  two  or  three  points  of  the 
FID  were  scrambled  by  pulse  breakthrough,  they  were  linearly  extra¬ 
polated  to  zero  time  before  fourier  transformation  of  the  FID.  Under 
these  conditions  the  spectra  obtained  required  only  zero-order  phase 
corrections  to  give  the  final  spectra  with  good  baselines.  Typically, 
signal-to-noise  ratios  of  30  to  1  were  obtained  when  a  line  broadening 
of  50  Hz  was  applied  to  the  FID's.  Spectra  collected  at  188.217  and 
376.333  MHz  were  obtained  using  similar  experimental  conditions. 

C.  Synthesis  of  Fluorinated  Lipids 

I .  Fluorinated  Fatty  Acids : 

Mono-f luorinated  fatty  acids  of  the  form  CH  (CH  )  -CHF- (CH  )  -C00H 

3  2m  2  n 

where  m+n=13  were  synthesized  from  the  corresponding  keto~acid  methyl 
esters  following  a  modified  procedure  of  Birdsall  and  co-workers  (1971). 
The  keto  acid  methyl  ester  was  selectively  reduced  to  the  hydroxy  acid 
methyl  ester  with  NaBH^ .  The  product  (yield  90>0  was  purified  by 
silicic  acid  column  chromatography  and  concentrated  i_n  vacuo .  The 
hydroxy  derivative  was  mesylated  using  methane  sulfonyl  chloride  in  the 
presence  of  triethyl  amine,  and  the  mesylated  fatty  acid  methyl  ester 
was  extracted  into  CH  Cl  ,  concentrated  ijn  vacuo,  and  used  without 
further  purification  (yield=987.)  •  This  product  was  dissolved  in  dry 
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acetonitrile  in  the  presence  of  five  equivalents  of  dry  tetrabutyl- 
ammonium  fluoride  and  reacted  for  three  days  at  room  temperature  under 
anhydrous  conditions.  This  reaction  yields  30-407.  of  a  saturated 
monof 1 uor inat ed  fatty  acid  methyl  ester.  The  unsaturated  by-product  form 
was  oxidized  following  the  procedure  of  Von  Rudloff  (Christie,  1973), 
and  the  monof luorinated  fatty  acid  methyl  ester  was  isolated  by 
acid“base  extraction,  concentrated  iji  vacuo  and  crystallized  twice,  once 
from  acetone  and  once  from  hexane,  at  -20°C.  The  purity  was  estimated  to 
be  greater  than  99*4  by  GLC  and  analytical  TLC.  The  methyl  ester  was 
hydrolyzed  to  the  free  fatty  acid  in  distilled  methanol  in  the  presence 
of  0.1  normal  KOH  (Silvius  and  McElhaney,  1978b).  The  chemical  synthesis 
of  monof luorinated  palmitic  acids  is  summarized  in  Figure  3. 

The  synthesis  of  the  keto-acid  methyl  esters  followed  exactly  the 
procedure  of  Hubbell  and  McConnell  (1971)  for  the  5-,8“,10-,  and 
12-f luorinated  species.  The  precursor  required  for  the  synthesis  of  the 
14-keto-acid  methyl  ester  via  this  pathway  were  not  soluble  in  the 
reaction  solvents,  so  an  alternate  method  was  used  for  this  analog.  The 
lithio  anion  of  the  ethyl  ethylnylcarbinol  dissolved  in  liquid  ammonia 
was  coupled  to  1 1-Bromo-undecanol  in  which  the  primary  alcohol  was 
protected  with  dihydropyran  in  the  presence  of  a  mild  acid  catalyst  (Arne 
and  Coveil,  1963).  as  follows: 


This  product  was  hydrogenated  at  50  pounds  per  square  inch  (PSI) 
of  hydrogen  gas  in  the  presence  of  platinium  oxide  as  a  catalyst, 
deprotected  in  methanol  in  the  presence  of  an  acid  catalyst,  and 
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g.  3.  The  synthetic  pathway  used  to  synthesize  the  monofluoro- 
acid  derivatives  from  the  corresponding  keto~acid  methyl 
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oxidized  to  14-keto  palmitic  acid  using  three  equivalents  of  ^  Cr2 0; 
dissolved  in  acetone  at  0°C. 

II.  Synthes  is  of  Fluorinated  Phosphatidylcholines: 

The  di-monof luoropalmi toyl  phosphatidylcholines  (PC's)  were 
synthesized  according  to  the  procedure  of  Patel  et  aU_  (1979).  The  fatty 
acid  was  reacted  with  dicyclohexylcarbodiimide  in  dry  carbon  tetra- 
chloride  overnight  at  room  temperature  to  produce  the  fatty  acid  anhy¬ 
dride.  This  was  reacted  with  the  cadmium  chloride  adduct  of  glycero- 
phosphorychol ine  in  an  equal  volume  solution  of  dry  benzene  and 
dimethylsul f oxide  in  the  presence  of  4-pyrol idinylpyridine ,  which  acts 
as  a  catalyst.  The  products  were  purified  by  silicic  acid  column  chroma¬ 
tography  to  remove  free  fatty  acid,  and  preparative  TLC  using  silica  gel 
G  and  the  solvent  system  50:50:4  methanol:  chloroform:  ammonium 
hydroxide  to  remove  the  lys o-phosphat i dyl chol ine  present.  The  isolated 
PC  was  greater  than  997.  pure  as  determined  by  GLC  and  analytical  TLC. 


D.  Theory  of  Lineshape  Analys i s 

For  a  fluorine  atom  in  an  alkyl  chain  undergoing  anisotropic 
motion,  the  relaxation  has  contributions  from  both  dipolar  and  chemical 
shift  anisotropic  (CSA)  mechanisms.  If  it  is  assumed  that  these  relax¬ 
ation  mechanisms  are  independent,  then  it  is  possible  to  derive  expres¬ 
sions  for  each  that  will  describe  their  contribution  to  the  observed 
1 ineshape . 

The  chemical  shift  (a) of  a  spin  undergoing  anisotropic  motion  is 
defined  by 


O-Oi+2/3  Qa/ 3cos^6-l 


(1) 


.  .  I 
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where  CT*  is  the  isotropic  chemical  shift  and 

aa=(anS11  +  cr  22^22  +a33S33  >• 

Fox  a  lipid  bilayer  the  motion  of  the  lipid  molecules  is  axially  sym¬ 
metric  or  0^2  ~  a33»  and  G^  may  be  expressed  in  terms  of  one  independent 
order  parameter  and  a  constant,  (0||— Qj_),  which  defines  the  maximal  dif¬ 
ference  in  the  chemical  shift  due  to  the  CSA,  or. 


Ca=(0„  -Oj_)Sz 


(2) 


In  this  case,  the  observed  resonance  f requenc  y ,V, is  defined  as: 


V=Vi-2/3(0„  -Gx)Szv0 


(3) 


where  is  the  isotropic  frequency  and  V0  is  the  instrumental  fluorine 
frequency.  The  angle  0  is  defined  as  the  angle  the  acyl  chains  long  axis 
makes  with  respect  to  the  axis  of  symmetry  in  the  bilayer,  that  being 
the  bilayer  normal. 

For  large  vesicles  (>>250  ft),  where  the  tumbling  rate  is  slow  with 
respect  to  the  NMR  time  scale,  the  orientation  of  the  bilayer  will  be 
randomly  distributed  with  respect  to  the  applied  magnetic  field.  In  this 
case  a  powder  type  spectrum  will  be  observed  where  for  each  value  of  G 
there  corresponds  an  unique  resonance  line  atV  .  A  probability  function 
p  (v)  may  now  be  defined  such  that  p  (y)  d^1  is  the  probability  of  a  spin 
having  a  resonance  frequency  between  V  and  V  +  dv  • 


1-2  (v-V-j  ) _ _ 

2/3  (G||  -Ox)SzV0 


-1/2 


p(v)  = 


(4) 


V 
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For  dipolar  relaxation  the  spin  hamiltonian  is  time  dependent  because  of 
molecular  motion*Jl^)>( t  )  may  be  separated  into  a  time-independent  term 
and  a  time-dependent  term  (Bloom  gt  al. tlQ75) 

Hd(t)=<Hd>+[Hd(t)-<Hd>]  (5) 


For  all  cases  where  <(H^=  0  the  line  shape  contribution  of  d(t)  will 
be  dominated  by  .  In  the  case  of  large  vesicles  (>>250  A  in 

diameter),  =  0  and  therefore  the  experimental  lineshape  will  be 

governed  by  •  This  term  is  composed  of  an  angularly  independent 

part  (interdipole  interactions)  ,  <(Hd)>i  ,  and  an  angularly  dependent  part 

(interdipole  interactions)  ,  ,  or: 


<  Hd>6- ^dX>[. 3cos26-1 


(6) 


if  one  defines  AQ-<(Hd)>i 


then  A=An+A1[ 3cos26-l 


Al=<Hd>6 

(7) 


If  it  is  assumed  that  the  dipolar  contribution  is  averaged  by  the  same 
molecular  motions  as  the  CSA  then  we  can  say 


A=A0+A 


z 


(8) 


If  each  resonance  line, v  .  has  a  transition  probability  I (v)  and  each 
resonance  line  centered  atV±  is  approximated  by  a  normalized  Gaussian 


then 


29 


I(v-v')=  JL_  2.  exP 
2ir  A 

The  observed  lineshape  S(v)  is  described  by  I(\)~v')  wei-ghted  by  the 
probability  of  finding  a  resonance  line  at  V  defined  by  p  (v)  over  all 
possible  orientations  (Ni ederberger  and  Seelig,  1976). 


-(v-v' )2 
_  2A2  . 


(9) 


I(v-v')  p(v')  dv’ 


(10) 


A  computer  program  has  been  written  (see  Appendix  1)  to  calculate 
theoretical  lineshapes  according  to  eq.  10,  which  allows  for  the  esti¬ 


mation  of  the  order  parameter,  Sz. 


III.  EVALUATION  OF  THE  USEFULNESS  OF  MONOFLUORINATED  PALMITIC  ACIDS  AS 

NMR  PROBES  OF  MEMBRANE  STRUCTURE 


A.  Introduction 

Fluorine  was  chosen  as  an  NMR  probe  because  of  its  high  sensiti- 
vity  in  the  NMR  experiment  and  its  similarity  in  size  and  reactivity  to 
hydrogen  in  an  alkyl  chain.  This  atom  may  also  be  incorporated  into 
specific  positions  of  an  acyl  chain  following  established  chemical 
reaction  pathways  (see  Materials  and  Methods  for  details).  Thus  these 
probes  offer  the  possibility  of  being  both  very  sensitive  and  specific 
probes  of  acyl  chain  organization  in  lipid  bilayers.  The  first  question 
to  be  addressed  is  the  amount  of  perturbation  introduced  into  the  acyl 
chain  order  by  the  presence  of  the  fluorine  atom.  In  the  case  of  the  di- 
fluorinated  fatty  acids,  the  assumption  that  substitution  of  two 
hydrogen  atoms  with  two  fluorine  atoms  is  an  innocuous  change  has 
recently  been  called  in  to  question  (Sturtevant  et^  a  1 . ,  1979;  Oldfield 
et  al . ,  1980).  These  workers'  results  indicate  the  difluoro  group 
exhibits  some  properties  of  a  site  of  unsaturation  in  the  acyl  chain. 
This  observation  agrees  with  NMR  experiments  in  which  the  order 
parameter,  measured  with  specifically  deuterated  fatty  acids,  decreased 
by  approximately  30%  in  the  region  of  the  difluoro  group  compared  to 
when  this  group  is  not  present.  Thus  it  appears  that  this  probe  disrupts 
the  local  acyl  chain  packing;  however,  this  perturbation  is  much  less 
than  that  seen  with  other  spectral  probes  such  as  ESR  or  fluorescent 
probes . 

In  order  to  evaluate  the  effect  of  the  monof luor inated  fatty  acids 
I  have  taken  three  approaches.  Firstly,  I  have  carried  out  studies, 
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similar  to  those  done  with  the  dif luorinated  fatty  acids  by  Sturtevant 
and  co-workers  (1979),  to  compare  the  thermotropic  behavior  of  di-mono- 
f luoropalmi toyl  PC  with  those  of  dipalmitoyl  PC,  using  high-sensitivity 
DSC.  Secondly,  the  effects  the  biosynthetic  incorporation  of  various 
quantities  of  these  probes  on  the  growth  of  laidlawii  B,  as  well  as 
the  ability  of  this  organism  to  distinguish  biochemically  between 
fluorinated  and  non-f luorinated  palmitic  acids,  have  been  investigated. 
Finally,  using  1 ’ F-NMR  spectroscopy,  I  have  determined  the  order  para¬ 
meters,  using  these  monof luorinated  probes,  of  the  plasma  membrane 
lipids  of  this  organism,  enriched  with  palmitic  acid,  in  order  to 
compare  these  values  to  the  previously  reported  order  parameters 
obtained  for  this  system  by  2H~NMR  using  specifically  deuterated 
palmitic  acids  (Stockton  et  ah,  1977).  I  have  also  varied  the  levels  of 
these  probes  to  determine  the  dependence,  if  any,  of  the  measured  order 
parameter  on  the  concentration  of  the  probe  in  these  palmitic  acid- 
enriched  membranes. 

B .  Results  and  Discussions 

Thermotropic  behavior  of  di-monofluoropalmitoyl  PC 1 s  and  mixtures 
of  these  and  dipalmitoyl  PC. 

The  di-monofluoropalmitoyl  PC's  were  synthesized  and  samples  of 
these  were  prepared  for  DSC  studies  as  described  in  Materials  and 
Methods.  Three  fluorinated  analogs  were  used  in  these  studies,  with  the 
fluorine  atom  located  at  the  5-,  8~,  or  14-  position  of  the  fatty  acid 
chain.  The  temperatures  of  the  main  transition  (Tm)  and  the  pre-tran¬ 
sition  (Tp)  for  the  di-monofluoropalmitoyl  PC's  are  listed  in  Table  1. 

In  each  case  the  Tm  is  lower  than  that  observed  for  dipalmitoyl  PC.  The 
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Table  1 

The  thermotropic  phase  transition  properties  of  the  pure  di— monof luoro- 
palmitoyl  PC's. 


Lipid 

Tm°C 

Tp°C 

AHcal  Real 
mole 

AHvH  Real 
mole 

C  U  S  AHvH 
AHcal 

5 , 5-di-monof luoro- 

34.9 

29.1 

5.810.25 

16018 

28 

palmitoyl  PC 

8, 8-di-monof luoro- 

39.6 

22.1 

6.510.3 

380119 

58 

palmitoyl  PC 

14, 14-di-monof luoro- 

40.1 

29.1 

8.810.35 

300115 

34 

palmitoyl  PC 

dipalmitoyl  PC 

40.3 

35.0 

8.310.3 

900145 

108 
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largest  decrease  is  seen  when  the  fluorine  atom  is  in  the  5-position  of 
the  acyl  chain,  where  the  Tm  was  5.4°  lower  than  the  Tm  of  dipalmitoyl 
PC.  The  decrease  in  the  Tm's  for  the  8“  and  14-di-monof luoropalmitoyl 
PC's  were  0.7  and  0.2°  respectively,  indicating  the  fluorine  atom 
perturbation  decreases  as  the  position  of  the  substitution  moves  toward 
the  methyl  terminus  of  the  chain.  The  corresponding  transition  curves 
are  shown  in  figure  4.  The  transition  curves  of  the  fluorinated  lipids 
are  broader  than  those  of  dipalmitoyl  PC,  indicating  that  the  presence 
of  the  fluorine  atom  decreases  the  cooperat ivi ty  of  the  transition.  In 
the  case  of  a  lipid  bilayer  the  cooperative  unit  size  (CUS)  is  defined 
as  the  number  of  lipid  molecules  acting  together  as  a  single  unit  when 
the  bilayer  undergoes  a  thermotropic  transition  such  as  from  the  gel  to 
the  liquid-crystalline  state  (Stankowski  and  Gruenwald,  1980).  The  CUS 
is  empirically  defined  as  the  ratio  of  the  Van't  Hoff  enthalpy  (AHyH)  , 
which  is  a  measure  of  the  sharpness  of  the  transition  (Mabrey  and 
Sturtevant,  1978),  over  the  calorimetric  enthalpy  (AHcal) ,  which  is  a 
measure  of  the  heat  absorbed  by  the  molecules  due  to  the  transition.  The 
CUS  determined  for  the  fluorinated  lipids  are  listed  in  Table  1.  Each  of 
these  lipids  exhibits  a  decrease  in  their  CUS  as  compared  to  the  non- 
f luorinated  species,  with  the  greatest  effect  again  observed  when  the 
fluorine  atom  is  located  in  the  5— position.  The  cooperat ivi ty  is  least 
affected  when  the  fluorine  atom  is  towards  the  middle  of  the  chain. 

These  observations  suggest  the  presence  of  the  fluorine  atom  tends  to 
disrupt  somewhat  the  acyl  chain  interactions  in  the  bilayer. 

The  transition  curves  also  show  there  is  a  marked  decrease  in  the 
Tp's  in  the  fluorinated  lipids,  with  the  largest  decrease  (12°)  observed 
when  the  fluorine  atom  is  in  the  8_position  of  the  chain.  The 
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TEMPERATURE  *C 


Fig.  4.  The  transition  curves  for  the  5-(panel  A),  8“(panel  B) , 
and  14— (panel  C)  di~monof luoropalmi t oyl  PC's  and  mixtures  of  these  with 
dipalmitoyl  PC.  Ratios  by  weight  of  monof luoropalmi toyl  PC  to  dipalmi- 
toyl  PC  are  given  beside  each  curve. 
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pre  transition  is  thought  to  be  associated  with  a  structural  trans¬ 
formation  from  a  one  dimensional  lamellar,  where  the  hydrocarbon  chains 
are  fully  extended  and  tilted  with  respect  to  the  bilayer  normal,  to  a 
two  dimensional  lattice  in  which  the  lipid  lamellae  is  distorted  by  a 
periodic  ripple  (Janiak  et  ah,  1976).  This  conformation  is  stable 
between  the  Tp  and  the  Tm  temperatures  of  the  lipid.  The  5-  and 
14-f luorinated  analogs  each  show  a  6°  decrease  in  the  observed  Tp ' s . 
However,  the  continued  existence  of  the  pre-transition,  which  is  found 
only  in  relatively  pure  phospholipids  containing  straight-chain 
saturated  fatty  acids,  is  taken  as  evidence  that  these  fluorinated 
analogs  closely  mimic  the  physical  behavior  of  palmitic  acid. 

The  results  also  show  a  change  in  the  enthalpies  of  the  main  tran¬ 
sitions  of  these  lipids  compared  to  dipalmitoyl  PC.  A  decrease  of  30*/ 
and  227.  in  the  enthalpies  of  the  5-  and  8~fluoro  analogs,  respectively, 
is  observed,  while  in  contrast  the  14-fluoro  analog  had  a  slightly 
higher  enthalpy  value,  approximately  67.  Comparison  of  these  results 
with  those  obtained  by  Sturtevant  and  his  co-workers  (1979)  for  the 
di f luoromyr i s toyl  PC's  suggests  that  the  monof luorinated  fatty  acids 
introduce  much  less  perturbation  into  the  lipid  bilayer.  In  the  presence 
of  the  difluoro  group,  the  enthalpy  was  found  to  increase  by  a  factor  of 
two,  and  the  Tm's  varied  from  the  corresponding  non-f luorinated  lipid  by 
+4.7°  when  the  fluorine  atoms  were  in  the  4— position  to  — 7.7  when  they 
were  in  the  8~position  of  the  14-carbon  chain. 

An  excellent  method  to  determine  the  extent  of  perturbation  intro¬ 
duced  into  the  bilayer  by  the  fatty  acid  probes  is  to  examine  the 
thermotropic  behavior  of  mixtures  of  the  fluorinated  and  non-f luorinated 
PC's.  If  the  perturbation  is  minimal,  then  one  would  expect  to  see 
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nearly  ideal  mixing  of  the  lipids  as  well  as  transition  curves  similar 
to  those  observed  for  the  pure  lipids  with  respect  to  their  shape  and 
calculated  enthalpies.  The  transition  curves  of  various  mixtures  of  each 
of  the  substituted  lipids  with  dipalmitoyl  PC  are  shown  in  figure  A. 

From  these  curves  it  is  apparent  that  the  lipids  exhibit  close  to  ideal 
mixing,  with  the  major  effect  of  the  fluorine  atom  being  a  decrease  in 
the  cooperat i vi ty  of  the  transitions.  The  Tm's  of  the  di~5~monof luoro- 
palmitoyl  PC  ~  dipalmitoyl  PC  mixtures  lie  between  the  Tm's  of  the  two 
pure  PC's.  In  contrast,  for  mixtures  containing  the  di-8~roonof luoro- 
palmitoyl  PC  the  Tm's  are  slightly  lower  than  the  value  of  the  pure 
fluorinated  species,  whereas  for  the  di-lA-monof luoropalmi toyl  PC 
mixtures  essentially  no  change  in  the  Tm  values  was  observed.  It  is 
interesting  to  note  the  transition  cure  for  the  pure  8_fluoro  analog 
exhibits  a  slight  assymetric  shoulder  that  disappears  when  the  lipid  is 
mixed  with  dipalmitoyl  PC.  In  all  cases  the  cooperat ivi ty  increases  in 
the  presence  of  dipalmitoyl  PC,  indicating  that  no  lateral  phase  separa¬ 
tion  of  the  two  lipids  is  occurring  in  the  mixtures.  The  transition 
properties  calculated  for  these  mixtures  are  listed  in  Table  2.  In  these 
mixtures  one  might  expect  to  observe  the  largest  perturbation  effects 
when  the  ratio  of  the  two  lipids  approaches  one-to-one;  however,  at  this 
ratio  the  Tm's  and  the  enthalpies  of  the  mixtures  are  approaching  the 
values  observed  for  the  dipalmitoyl  PC.  The  biggest  differences  are 
observed  when  the  fluorine  atom  is  in  the  5_position,  as  before,  but  the 
difference  in  the  enthalpy  is  less  than  2  Kcal/mole.  Under  these 
conditions,  when  the  fluorine  atom  is  located  in  the  8-posii.ion  ,  the 
enthalpy  difference  is  less  than  1  Kcal/mole,  while  no  difference  was 
seen  when  it  was  in  the  lA-position  of  the  fatty  acid  chain.  The  pre- 
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Table  2 

The  thermotropic  phase  transition  properties  of  mixtures  of  the  di-mono- 
f luoropalmitoyl  PC's  and  dipalmitoyl  PC. 


a)  Mixtures  containing  85%  by  weight  of  di-mono- 


f luoropalmitoyl 
dipalmitoyl  PC 

PC  and  15% 

by  weight 

Fluoro-lipid  present 
in  the  mixture 

Tm°C 

Tp°C 

AHcal  Real 
mole 

AHvH  Real 
mole 

C  U  S  AHvH 
AHcal 

5 , 5-di-monof luoro¬ 
palmitoyl  PC 

36.6 

28.0 

6.010.25 

222110 

37 

8, 8-di-monof luoro¬ 
palmitoyl  PC 

39.1 

23.4 

6.910.3 

476124 

69 

14, 14-di-monof luoro¬ 
palmitoyl  PC 

40.4 

34.1 

8.510.35 

382120 

45 

b)  Mixtures  containing  50%  by  weight  of  di 
f luoropalmitoyl  PC  and  dipalmitoyl  PC 

.-mono- 

Fluoro-lipid  present 
in  the  mixture 

Tm°C 

Tp°C 

AHcal  Real 
mole 

AHvH  Real 
mole 

C  U  S  AHvH 
AHcal 

5 , 5-di-monof luoro¬ 
palmitoyl  PC 

38.7 

28.4 

6.510.3 

358118 

55 

8 , 8-di-monof luoro¬ 
palmitoyl  PC 

38.8 

25.5 

7.410.35 

555128 

75 

14, 14-di-monof luoro¬ 
palmitoyl  PC 

40.0 

29.7 

8.310.35 

564128 

68 

. 
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transition  is  present  in  all  of  the  mixtures,  as  one  would  expect  if  the 
presence  of  the  fluorine  results  in  only  minor  perturbations  of  the 
bi layer .  If  we  again  compare  these  observations  to  those  obtained  with 
the  di f luor inated  derivatives,  it  may  be  concluded  that  the  monofluori- 
nated  acids  are  much  less  perturbing.  In  the  case  of  the  dif luorinated 
acids,  large  deviations  in  the  enthalpies  and  the  Tm's,  as  well  as  the 
existence  of  lateral  phase  separations  of  the  di f luorinated  and  the 
corresponding  non~f luorinated  PC's,  were  observed  when  similar  mixing 
studies  were  done  (Sturtevant  et  ah,  1979). 

Growth  Studies  wi th  Achol eplasma  laidlawi i  B 

Cells  were  cultured  in  lipid-depleted  media  supplemented  with 
various  ratios  of  palmitic  acid  and  monof luorinated  palmitic  acids  in 
the  absence  of  avidin,  following  the  procedure  described  in  Materials 
and  Methods.  The  total  amount  of  16:0  fatty  acid  incorporated  into  the 
plasma  membrane  lipids  remained  constant  at  approximately  75  to  80/1  of 
the  total  fatty  acid  present  (see  Table  3).  As  was  the  case  with  the  DSC 
experiments,  the  fluorinated  fatty  acids  used  in  these  studies  were 
primarily  the  5~,8~»  and  14-f luorinated  analogs.  The  results  show  that 
the  growth  of  this  organism  is  unaffected  until  the  f luoropalmi tate 
exceeds  30/1  of  the  total  palmitate  present,  where  the  total  palmitate 
corresponds  to  the  f luoropalmi t i c  acid  plus  the  palmitic  acid  present 
(see  fig.  5).  Above  this  amount  one  observes  a  progressive  decrease  in 
the  cell  yield  as  determined  by  the  absorbance  of  the  culture  at  450  nm 
against  a  suitable  blank  (McElhaney  and  Tourtelotte,  1970).  The  largest 
effect  was  seen  when  the  fluorine  atom  was  in  the  5-position  of  the 
fatty  acid  chain,  with  the  magnitude  of  the  decrease  in  cell  yield 
becoming  progressively  smaller  as  the  fluorine  atom  position  moved 


Table  3 


CU  f  ir  •  ,  P°S  n  —  -laidlawii  B  membranes  f 

cultured  in  media  supplemented  with  857.  palmitic  acid  and 

the  mono-fluorinated  palmitic  acid  analogs. 


rom  cells 
157  of  one 


Fatty  Acids  in  membrane  (%) 

Fatty  acid 


supplement 

12:0 

14:0 

16:0 

Fluoro-16:0 

18:0 

18:1 

n.d. 

16:0  (control) 

2.1 

12.8 

77.5 

— 

2.4 

1.0 

3.5 

5-Fluoro  16:0 

2.2 

9.8 

68.5 

10.8 

2.8 

0.8 

5.1 

8-Fluoro  16:0 

2.1 

11.4 

66.7 

9.6 

2.0 

1.0 

8.1 

10-Fluoro  16:0 

3.1 

10.4 

65.7 

10.4 

2.1 

1.9 

7.5 

12-Fluoro  16:0 

2.0 

11.6 

66.4 

9.9 

2.4 

1.2 

5.6 

14-Fluoro  16:0 

2.0 

12.0 

65.1 

11.0 

2.1 

1.7 

5.1 

Values  determined  by  GLC 

n.d.  Not  determined,  in  this  case  no  single  fatty  acid 
represented  more  than  1%  of  the  total  fatty  acid 
present . 
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RATIO  OF  X- F - 16  : 0  TO  16  =  0 
FOUND  IN  MEMBRANES. 


Fig.  5.  The  effect  of  increasing  amounts  of  monof 1 uoropa lmi t i c 
acid  incorporated  into  the  membrane  of  A^_  1  a i dl awi i  B  enriched  with 
palmitic  acid  on  the  cell  yield. 
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toward  the  methyl  terminus  of  the  chain.  It  was  also  found  that  the 
ratio  of  the  f luoropalmitic  acid  to  palmitic  acid  incorporated  into  the 
membrane  lipids  corresponded  to  the  ratio  of  these  fatty  acids  added  to 
the  growth  media,  indicative  that  the  organism  does  not  biochemically 
distinguish  between  the  monof luorinated  and  non-f luorinated  palmitic 
acids . 

Palmitic  acid  cannot  support  growth  of  these  cells  in  the  presence 
of  avidin,  a  potent  inhibitor  of  de  novo  fatty  acid  biosynthesis 
(Silvius  and  McElhaney,  1978b) J  however,  a  variety  of  structurally 
different  fatty  acids  can  support  excellent  growth  in  the  presence  of 
avidin,  resulting  in  plasma  membranes  homogeneous  with  respect  to  their 
fatty  acid  composition  (Silvius  and  McElhaney,  1978b).  In  light  of  these 
observations,  I  have  grown  cells  in  the  presence  of  avidin  in  media 
supplemented  with  a  monof luorinated  palmitic  acid  (or  palmitic  acid  as  a 
control),  together  with  a  second  fatty  acid  capable  of  supporting  good 
growth  when  added  alone.  The  results  obtained  for  a  variety  of  different 
fatty  acids  indicate  that  under  these  conditions  the  presence  of  the 
fluorine  atom  had  little  or  no  effect  on  cell  yield  up  to  ratios  of 
one-to_one  of  the  fluorinated  palmitic  acid  to  the  other  exogenous  fatty 
acid  (fig.  6).  In  addition,  the  level  of  incorporation  of  the  fluoro- 
palmitate  in  each  case  corresponded  to  the  level  of  incorporation  of 
palmitic  acid  into  the  membrane  in  the  control  experiments. 

Nuclear  Magnetic  Resonance  Experiments 

Samples  were  prepared  as  described  in  Materials  and  Methods.  The 
first  approach  was  to  determine  the  orientational  order  parameter 
profile  of  A.  laidlawi  i  B  membranes  enriched  with  palmitic  acid  (7  0  807. 


palmitate)  containing  approximately  107  of  one  of  the  f luoropalmi tate 
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Fig.  6.  The  effect  of  increasing  amounts  of  monof luoropalmi t i c 
acid  incorporated  into  the  membrane  of  laidlawi i  B  enriched  with 
(a) 16: ItA’ ,  (B)  18 : 1 tA 9 ,  (C)  16:0i,  (D)  16:0ai,  and  (E)  15:0.  For  the 
control  pamitic  acid  was  used  instead  of  one  of  the  monof 1 uoropa lmi t i c 
acids . 
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probes.  Table  3  lists  the  fatty  acid  composition  of  the  membranes 
enriched  with  these  fatty  acids.  These  experiments  were  done  to  compare 
the  order  parameters  obtained  with  1 ’F-NMR  to  those  obtained  with  2H~NNR 
in  the  same  system  in  which  the  membrane  lipids  were  enriched  with 
specifically  deuterated  palmitic  acid  probes  (Stockton  et  aj_^  1977).  The 
results  obtained  with  the  different  probes  are  presented  in  fig.  7*  The 
order  parameter  profiles  of  these  membranes  are  similar,  with  the  major 
difference  observed  in  the  absolute  values  of  the  order  parameters.  In 
the  plateau  region,  from  carbons  2  to  10  of  the  acyl  chain,  the  1 ’F-NMR- 
determined  order  parameter  is  less  than  those  observed  with  2H~NMR,  with 
values  of  0.18  and  0.22,  respectively.  Beyond  the  10-position  the  values 
converge,  with  the  values  for  the  14-position  with  both  probes  being  the 
same  within  experimental  error.  The  deuterium  order  parameters  were 
derived  from  the  quadrapolar  splittings  due  solely  to  the  lipids  in  the 
liquid-crystalline  state  at  A2°C.  At  this  temperature  a  small  portion  of 
the  lipid  is  in  the  gel  state,  but  the  gel  lipid  only  decreases  the 
intensity  of  the  signal  of  the  liquid-crystalline  lipid  and  not  the 
quadrapole  splitting  from  which  the  order  parameters  are  derived.  The 
fluorine  order  parameters  were  obtained  at  45  C  where  essentially  all  of 
the  membrane  lipid  is  in  the  liquid-crystalline  state  (see  fig.  8).  This 
figure  also  shows  that  the  phase  transition  curve  for  palmi tat e~enr i ched 
membranes  containing  a  one-to-one  ratio  of  f luoropalmi tate  and  palmitic 
acid  is  essentially  identical  to  that  of  palmi tat e-enri ched  membranes 
that  have  no  f luoropalmi tate  present.  The  1’F~NMR  order  parameters  were 


determined  by  a  curve  fitting  procedure,  therefore  the  observed  value 
includes  a  contribution  from  the  gel  state  lipid  if  any  is  present.  The 
differences  observed  in  the  values  determined  by  the  two  probes  may  be 
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2  4  6  8  10  12  14  16 

CHAIN  POSITION 


Fig.  7.  The  order  parameter  profiles  obtained  with  specifically 
deuterated  palmitic  acids,  (open  circles)  taken  from  (Stockton  et 
al . , 1977)  and  monof luorinated  palmitic  acids  (closed  circles)  incor¬ 
porated  into  palmitic  acid-enriched  membranes  of  1  a i dl awi j  B 
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Fig.  8.  Phase  transition  curves  of  palmitic  acid-enriched 
membranes  from  laidlawii  B  cells.  Top  membranes  containing  AO  mole  7. 
monof luoropalmi t i c  acid.  Bottom  membranes  containing  only  palmitic  acid. 
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because  the  presence  of  the  fluorine  atom  results  in  a  slight  decrease 
in  the  order  of  the  acyl  chains  in  the  region  of  the  fluorine  atom.  This 
effect  has  been  reported  for  the  dif luorinated  fatty  acids,  where  the 
local  order  is  decreased  by  approximately  30/1  around  the  difluoro  group 
(Oldfield  et  al ♦ ,  1980) .  A  second  possible  reason  for  the  difference  in 
the  two  sets  of  values  may  be  the  temperature  difference  in  the  two 
experiments.  The  fluorine  spectra  were  collected  at  45°C,  three  degrees 
higher  than  the  deuterium  spectra.  Thus  one  might  expect  the 
liquid-crystalline  lipid  to  have  slightly  more  thermal  energy,  resulting 
in  a  small  decrease  in  the  order;  however,  a  three  degree  difference 
does  not  appear  to  be  enough  to  explain  this  difference  in  the  plateau 
region,  where  small  changes  in  temperature  within  the  region  of  the 
liquid-crystalline  state  does  not  result  in  significant  changes  in  the 
observed  order  parameter  values.  An  example  of  this  is  seen  in  fig.  25 
in  which  18:  It  enriched  membranes  have  identical  order  parameter  profiles 
at  34° and  37° C.  The  fact  that  the  largest  absolute  difference  in  the  two 
sets  of  values  occurs  closest  to  the  headgroup,  whereas  the  values 
observed  for  the  positions  near  the  methyl  terminus  are  more  nearly  the 
same,  is  consistent  with  previous  results  indicating  that  the  fluorine 
atom  is  most  perturbing  when  it  is  substituted  into  the  5-position  of 
the  fatty  acid  chain.  However,  the  relative  change  in  the  order 
parameter  determined  from  each  nucleus  remains  constant  for  all 
positions  along  the  chain. 

Overall,  the  two  probes  are  in  excellent  qualitative  agreement  in 
reporting  the  order  parameter  profile  through  the  bilayer.  There  is  also 
good  quantitative  agreement  between  the  different  techniques  in  terms  of 


the  absolute  values  of  the  order  observed.  The  difference  that  is 
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observed  indicates  that  the  presence  of  the  fluorine  atom  near  the  polar 
headgroup  results  in  a  relatively  small  perturbation  of  the  acyl  chain 
order,  expressed  as  a  decrease  in  the  observed  order  parameter  for  this 
region  of  the  membrane  bilayer. 

A  second  approach  undertaken  was  to  determine  if  the  order 
parameter  was  influenced  by  the  amount  of  fluorinated  palmitate  present 
in  palmitic  acid_enriched  membranes.  One  would  not  expect  the  ratio  of 
f luoropalmi tate  to  palmitic  acid  in  these  membranes  to  affect  the 
observed  values  of  the  order.  The  results  in  figure  9  indicate  this  to 
be  the  case  for  the  5-  and  14-f luorinated  analogs  of  palmitate  above  the 
phase  transition  (45°C) ,  in  the  region  of  the  phase  transition  (37°), 
and  below  the  phase  transition  (20°)  (see  Appendix  B  for  the 
corresponding  spectra).  Within  the  error  of  the  experiment,  the  observed 
order  parameters  remain  constant  for  membranes  containing  from  57.  to  50, i 
of  the  fluorinated  probe. 


C.  Conclus ions 

Taking  the  results  presented  in  this  chapter  together  with  the 
results  observed  with  the  dif luorinated  fatty  acids,  the  picture  that 
emerges  is  that  the  monof luorinated  fatty  acids  introduce  only  a  small 
perturbation  into  the  acyl  chain  order  of  a  lipid  bilayer.  This  pertur 
bation  is  markedly  less  than  that  caused  by  the  dif luorinated  species  as 
seen  by  DSC  and  NMR  experiments.  In  all  of  the  studies  that  were  done, 
the  greatest  effect  was  observed  when  the  fluorine  substitution  was  near 
the  carboxyl  group  of  the  fatty  acid.  When  the  substitution  was  located 
close  to  the  methyl  terminus,  very  little  or  no  difference  was  exhibited 


as  compared  to  the  case 


when  the  fluorine  atom  was  not  present. 
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10  30  50 

%  F - 16  : 0  PRESENT  IN  MEMBRANES 


Fig.  9.  The  dependence  of  the  order  parameter  on  the  concentration 
of  either  5-or  14-monof luoropalmitic  acid  in  palmitic  acid-enriched 
membranes  above  and  below  the  phase  transition  (45°  and  20°,  respec¬ 
tively)  and  at  the  growth  temperature  of  37 °C. 
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The  ease  with  which  the  fatty  acid  composition  of  the  plasma  mem¬ 
brane  of  Aj_  laidlawi i  B  may  be  manipulated  to  produce  membranes  con¬ 
taining  predominantly  one  fatty  acid,  together  with  a  small  amount  of 
one  of  the  f luoropalmitic  acid  probes,  affords  the  opportunity  to 
determine  the  qualitative  and  quantitative  effects  of  a  number  of  struc¬ 
turally  different  fatty  acids  on  the  order  profile  and  the  absolute 
values  of  the  order  parameter  in  a  biological  membrane,  keeping  in  mind 
the  presence  of  some  perturbation  due  to  the  presence  of  the  monofluori- 
nated  palmitic  acid. 


v 
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IV.  THE  EFFECT  OF  FATTY  ACID  STRUCTURE  AND  TEMPERATURE  ON  THE  ORDER  OF 
THE  ACYL  CHAINS  IN  ACHOLEPLASMA  LA I DL AW I I  B  MEMBRANES  AS  SEEN  WITH 

1 ’ F-NMR 


A.  Introduction 

Membranes  contain  a  number  of  structurally  different  fatty  acids. 
These  differences  include  variation  in  the  chain  length,  from  as  short 
as  twelve  carbons  to  twenty  carbons  or  more,  differences  in  the  number 
and  location  of  double  bonds,  and  in  some  cases  the  presence  of  a  methyl 
branch  near  the  methyl  terminus  of  the  fatty  acid  chain.  There  are  some 
clues  as  to  the  function  of  these  different  fatty  acid  structures;  for 
example,  it  has  been  observed  that  the  phase  state  of  lipids  in 
membranes  influence  the  activity  of  proteins  and  the  transport  of  meta¬ 
bolites  across  membranes  (Fox  and  Keith,  1972).  It  has  also  been 
reported  that  the  activity  of  some  membrane-bound  enzymes  is  dependent 
on  the  presence  of  cis~doubl e  bonds  (Rothfield  and  Romeo,  1971).  In 
addition,  it  is  known  that  acyl  chain  structure  plays  a  crucial  role  in 
maintaining  the  membrane  bilayer  in  a  physiologically  active  state  by 
modulating  membrane  fluidity  (Overath  e_t  al . ,  1975;  McElhaney,  1974). 
Despite  these  observations,  the  role  of  the  numerous  different  lipid 
classes,  as  well  as  the  fatty  acid  heterogeneity  present  in  biological 
membranes,  is  not  well  understood.  Only  a  few  fatty  acid  classes  have 
been  studied  in  terms  of  their  effects  on  the  orientational  organization 
of  acyl  chains  in  lipid  bilayers.  The  most  extensively  studied  have  been 
the  straight-chain  saturated  fatty  acids,  in  particular  16:0  (Davis, 
1979;  Seelig  and  Seelig,  1974;  Stockton  e_t  a  1 .  ,  1977).  The  order 
parameter  profiles  of  this  fatty  acid  in  both  PC  bilayers  and  biological 
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membranes  are  similar  (see  fig.  2),  indicating  that  PC  bilayers  are  good 
model  systems  for  biological  membranes.  The  effect  of  a  cis~double  bond 
on  the  order  of  acyl  chains  in  a  bilayer  has  also  been  studied  (Seelig 
and  Seelig,  1977).  In  contrast  to  the  straight- chain  saturated  fatty 
acids,  which  show  a  plateau  region  from  the  2  position  to  the  10 
position  of  the  chain,  the  presence  of  the  c i s~doub 1 e  bond  causes  a 
local  increase  in  the  order  of  the  neighbouring  fatty  acids  in  the 
region  of  the  double  bond.  There  is  also  an  overall  decrease  in  the 
hydrocarbon  ordering  throughout  the  bi layer.  Thus  changes  in  the  fatty 
acid  structure  not  only  affect  the  absolute  order  of  the  bilayer,  but 
also  have  marked  effects  on  the  relative  order  of  different  regions  of 
the  fatty  acid  chains.  These  observations  have  led  us  to  consider  what 
the  effect  of  other  structural  features  of  fatty  acids  have  on  the 
hydrocarbon  order  in  a  biological  membrane.  To  this  end  we  have  cultured 

A.  laidlawi i  B  cells  in  the  presence  of  avidin  to  obtain  fatty  acid- 
homogeneous  membranes  containing  a  variety  of  structurally  different 
fatty  acids,  along  with  a  small  amount  of  one  of  the  monof luoropalmi t i c 
acids  as  a  probe  of  the  acyl  chain  order,  with  the  hope  of  gaining  some 
insight  into  the  structure-function  relationship  of  other  fatty  acids  in 
membrane  bilayers. 

B .  Results  and  Discussion 

Fatty  Acid  Composition  of  the  Membranes  Used  in  these  1  * F-NMR 
Studies . 

The  membrane  samples  for  NMR  studies  were  prepared  according  to 
the  procedure  described  in  Chapter  2.  Aliquots  of  these  samples  were 
used  to  determine  the  fatty  acid  composition  of  the  membrane  lipids  by 
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GLC.  Five  monof luorinated  palmitic  acids,  in  which  the  fluorine  atom  was 
substituted  at  the  5- , 8- , 10- , 12- ,  or  14-position  of  the  alkyl  chain, 
were  used  as  F-NMR  probes  in  these  studies.  Small  amounts  (8"11  mole 
1)  of  each  of  these  probes  were  incorporated  into  the  membrane  of  A. 

®  cells  along  with  one  of  five  different  fatty  acids  capable 
of  supporting  good  growth  of  this  organism  in  the  presence  of  avidin, 
namely  pent adecanoi c  acid  (15:0),  14-methyl-pentadecanoic  acid  (16:0i)  , 
13  methy 1-pentadecanoi c  acid  (16:0ai),  trans-Q-hexadecanoi c  acid 
(16:ltA’),  and  trans-Q-octadecanni  c  acid  (18 : 1 1 A  ’ )  .  The  fatty  acid 
compositions  of  these  membranes  are  listed  in  Tables  4  through  8.  Avidin 
has  been  shown  to  almost  completely  inhibit  fatty  acid  metabolism  in 
this  organism  (Silvius  and  McElhaney,  1978b).  Of  the  above  listed  fatty 
acids,  four  (16:0i,  16:0ai,  16:ltA’,  18:ltA’),  together  with  the  fluori- 
nated  probe,  accounted  for  96.7“99.6  mole  *L  of  the  total  fatty  acid 
present  in  the  membrane.  The  other  fatty  acids  found  most  likely  origi¬ 
nate  from  the  media  which,  although  it  is  extensively  de~l ipidated, 
still  contains  small  amounts  of  residual  fatty  acids;  a  small  amount  of 
endogenous  fatty  acid  synthesis  may  also  occur.  Cells  cultured  in  the 
presence  of  avidin  and  supplemented  with  15:0  show  slightly  higher  back¬ 
ground  levels  of  fatty  acids.  In  these  membranes,  15:0  and  the  fluori- 
nated  probe  account  for  93.3  to  96.0  mole  1.  of  the  total  fatty  acid.  The 
background  fatty  acids  present  are  composed  primarily  of  even-chain 
saturated  fatty  acids  of  the  type  synthesized  by  A^  laidlawi i  B  cells, 
suggesting  that  a  slightly  higher  amount  of  endogenous  fatty  acid 
synthesis  is  occurring  in  these  cells  (see  Table  8).  However,  levels  of 
18:1  are  also  increased,  and  since  this  organism  cannot  synthesize 
unsaturated  fatty  acids,  it  also  appears  the  exogenous  fatty  acid 
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Table  4 


Fatty  Acid  Composition  from  Membranes  of  Acholeplasma  laidlawii  B  Cell 
Supplemented  with  90*4  16:  Oi  and  101  Fluoro~16:0  and  Grown  in  the 
Presence  of  Avidin. 


Fatty  Acids  in  membrane  (%)a 


Fatty  acid 
supplement 

16:0 

Fluoro-16:0  16: Oi  18:0 

18: 

5-Fluoro  16:  CH- 16:01 

0.6 

10.0 

87 

1.2 

1.1 

8-Fluoro  16:0+16:0i 

— 

10.2 

88 

1.6 

0.3 

10-Fluoro  16:0+16:0i 

0.7 

9.9 

86 

1.9 

1.6 

12-Fluoro  16:0+16:0i 

— 

12.7 

85 

1.7 

0.4 

14-Fluoro  16:  CH- 16:  Oi 

0.3 

10.6 

87 

1.5 

0.7 

^here  the  fatty  acids  listed  do  not  represent  100%, 
other  minor  fatty  acids  were  present  that  were  not  identified. 
These  accounted  for  less  than  0.2%  of  the  total  fatty 
acids  with  no  individual  one  at  levels  greater  than  0.1%. 
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Table  5 

Fatty  Acid  Composition  from  Membranes  of  Achol eplasma  laidlawii  B  Cells 
Supplemented  with  90*4  16:0ai  and  10*4  Fluoro~16:0  and  Grown  in  the 
Presence  of  Avidin. 


Fatty  Acids  in  membrane  (%) 


Fatty  acid 
supplement 

16:0 

Fluoro— 16 : 0 

16 : Oai 

18:0 

18:1 

5-Fluoro  16:0+16:0ai 

0.8 

9.8 

86 

2.1 

1.3 

8-Fluoro  16 : 0+16 : Oai 

0.7 

10.0 

89 

0.3 

— 

10-Fluoro  16:0+16:0ai 

0.2 

10.4 

88 

0.7 

0.7 

12-Fluoro  16:0+16:0ai 

0.4 

10.8 

88 

0.5 

0.3 

14-Fluoro  16:0+16:0ai 

0.9 

9.6 

87 

1.6 

0.8 

See  table  4  footnote 
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Table  6 

Fatty  Acid  Composition  from  Membranes  of  Achol eplasma  laidlawii  B  Cells 
Supplemented  with  901  16:ltA’  and  102  Fluoro-16:0  and  Grown  in  the 
Presence  of  Avidin. 


Fatty  Acids  in  membrane  (%) 


a 


Fatty  acid 
supplement 

16:0 

Fluoro-16:0  16:ltA9 

18:i 

5-Fluoro  16: 0+16: ItA9 

1.2 

9.0 

88 

1.8 

8-Fluoro  16:0+16:ltA9 

— 

10.0 

88 

1.8 

10-Fluoro  16:0+16:ltA9 

1.0 

11.0 

86 

2.0 

12-Fluoro  16:0+16:ltA9 

1.0 

10.0 

87 

2.0 

14-Fluoro  16:0+16:ltA9 

— 

8.1 

90 

1.6 

See  table  4  footnote 


Table  7 


Fatty  Acid  Composition  from  Membranes  of  Acholeplasma  laidlawii  B 

Supplemented  with  90*  18: ItA’  and  10*  Fluoro-16:0  and  G"rown  in  th 
Presence  of  Avidin. 


Fatty  Acids  in  membrane  (%) 


a 


Fatty  acid 
supplement 

16:0 

Fluoro-16 : 0 

18 : ItA9 

18:0 

5-Fluoro  16:0+18:ltA9 

0.5 

• 

00 

90 

— 

8-Fluoro  16:0+18:ltA9 

0.8 

10.3 

88 

0.9 

10-Fluoro  16:0+18:ltA9 

1.1 

9.4 

89 

0.4 

12-Fluoro  16:0+18: ItA9 

0.4 

11.0 

88 

0.6 

14-Fluoro  16:0+18:ltA9 

0.6 

10.6 

89 

— 

See  table  4 


footnote 
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Table  8 


Fatty  Acid  Composition  from  Membranes 
Supplemented  with  90%  15:0  and  10%  FI 
of  Avidin. 


Acho 1 ep 1 asma  laidlawii 
uoro~16:0  and  Grown  in  the 


B  Cell 
Presence 


Fatty  Acids  in  membrane  (%) 


a 


Fatty  acid 
supplement 

12:0 

15:0 

16:0 

Fluoro  -16:0 

18:0 

18:1 

5-Fluoro  16:0+15:0 

0.6 

87 

1.7 

8.5 

0.2 

2.0 

8-Fluoro  16:0+15:0 

0.2 

87 

1.6 

r-. 

• 

OO 

0.9 

0.7 

10-Fluoro  16:0+15:0 

1.0 

84 

1.0 

9.7 

1.0 

0.8 

12-Fluoro  16:0+15:0 

0.5 

83 

1.3 

11.0 

1.1 

• 

CM 

14-Fluoro  16:0+15:0 

0.4 

88 

1.4 

8.0 

0.8 

1.2 

a 


See  table  4  footnote 


incorporation  is  also  elevated.  Since  cells  supplemented  with  16:0  will 
not  grow  in  the  presence  of  avidin,  15:0  represents  the  upper  chain 
length  limit  of  the  s traight- chain  saturated  fatty  acids  capable  of  sup¬ 
porting  growth  at  37°C  (Silvius  and  McElhaney,  1978a).  Thus  growth  in 
the  presence  of  15:0  may  be  suboptimal  growth,  and  the  cells  may  compen¬ 
sate  by  a  small  but  increased  amount  of  endogenous  fatty  acid  synthesis, 
even  in  the  presence  of  the  inhibitor  avidin.  Nevertheless,  in  this  case 
and  the  others,  the  major  fatty  acid  (generally  86~91  mole  1)  in  the 
membrane  is  the  one  of  interest,  and  it  appears  that  the  order  parameter 
values  obtained  by  lfF-NMR  reflect  primarily  the  characteristics  of  the 
major  fatty  acid  present,  rather  than  those  of  the  monof luoropalmitic 
acid  probes. 

An  Evaluat i on  of  the  Methodology  Used  for  the  Determinat i on  of  the  Order 
Parameter. 

The  Materials  and  Methods  section  contains  the  theoretical 
derivation  used  to  generate  the  theoretical  lineshapes  used  to  fit  the 
observed  spectra  to  obtain  an  order  parameter  value.  This  derivation  is 
based  on  the  work  of  Niederberger  and  Seelig  (1976)  and  Gent  and  Ho 
(1978).  There  are  four  parameters  to  consider  in  fitting  the  theoretical 
lineshapes  to  the  observed  spectra,  namely  (0||-G-l)  ,  AQ  ,  A1  ,  and  Sz. 

Although  the  chemical  shift  tensor  for  the  CHF  group  has  not  been 
determined,  the  value  of  CcTjj —  )  »  the  maximum  chemical  shift  anisotropy 

for  the  fluorinated  acyl  chain,  assuming  axial  symmetry,  may  be  approxi¬ 
mated  from  model  compounds,  in  this  case  teflon,  to  be  118  ppm  (parts 
per  million)  (Mehring  et_  al . ,  1971;  Gent  and  Ho,  1978).  This  value  of 
(QJi  — (T^  )  was  used  in  the  curve  fitting  program.  Experimentally,  it  was 
observed  that  up  to  20Z  changes  in  this  value  did  not  significantly 
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change  the  observed  Sz  values,  likely  because  the  major  effect  of  this 
parameter  is  on  the  extreme  boundaries  of  the  spectral  line. 

The  second  parameter, AQ  ,  represents  the  angularly  independent 
dipolar  relaxation,  or  in  molecular  terms,  the  inter~chain  interaction 
of  the  fatty  acids  in  the  bilayer.  For  membrane  lipids  in  the  liquid- 
crystalline  state,  the  translational  diffusion  of  the  lipids  is  fast 
enough  to  average  these  interactions  to  zero  (Bloom  et  ah,  1975).  In 
the  gel  state  this  motion  is  no  longer  fast  enough  to  completely  average 
this  motion,  and  A^  takes  on  positive  values  measured  in  Hz.  The  effect 
of  the  development  of  positive  A0  values  is  an  overall  broadening  of  the 
lineshape,  particularly  in  the  region  of  the  central  spike  of  the 
spectrum  (see  fig.  10),  with  a  progressively  smaller  effect  in  the 
regions  more  removed  from  the  central  spike.  It  is  only  this  parameter 
that  significantly  affects  this  region  of  the  lineshape,  thus  it  is  the 
broadness  of  the  central  spike  in  the  experimental  spectra  that 
primarily  determines  the  value  of  A0  . 

The  third  parameter  listed,  Ax  ,  is  a  measure  of  the  angularly 
dependent  dipolar  relaxation  or  the  intra-chain  interaction  of  the  fatty 
acids  in  the  bilayer.  This  parameter  is  constant,  but  its  effect  on  the 

lineshape  is  modulated  by  the  value  of  Sz  (see  page  28  »  equation  8  ) . 

« 

For  small  values  of  Sz,  the  term  containing Aj  makes  a  relatively  small 
contribution  to  the  lineshape,  whereas  when  Sz  increases  the  effect  of 
the  Aj  term  markedly  increases.  The  value  of Ai  was  approximated  by 
collecting  spectra  of  identical  samples  at  different  magnetic  field 
strengths.  The  chemical  shift  anisotropic  relaxation  component  is 
dependent  on  the  magnetic  field  strength,  while  the  dipolar  relaxation 
component  is  not.  Therefore,  as  the  field  strength  increases  the 
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Fig.  10.  The  effect  of  changes  of  A  o  on  the  theoretical  lineshape 
of  the  calculated  spectrum.  Sz  was  set  at  0.15  and  Aj  was  set  at  20,000 
Hz.  From  the  bottom  spectrum  to  the  top  spectrum  the  values  of  A0  were 
0,  50,  100,  150,  and  200  Hz  respectively. 


61 


spectral  line  will  become  broader,  however  the  value  of  Aj  will  remain 
constant.  At  a  given  temperature  the  value  of  Sz  will  also  remain  con¬ 
stant  for  a  given  membrane  sample.  Using  these  constraints  I  determined 
the  best  theoretical  fits  of  spectra  collected  at  37°C  and  45°C  at  field 
strengths  of  188.217  and  254.025  MHz,  from  16:0-enriched  membranes 
containing  5-f luoropalmitic  acid  (see  fig.  11),  and  temperatures  of  20°C 
and  37°C  at  field  strengths  of  188.217,  254.025,  and  376.333  MHz  for 
membranes  enriched  with  16:ltA’  containing  14-f luoropalmitic  acid  (see 
^*6*  12).  The  values  giving  the  best  fit,  using  the  above  criteria,  are 
given  in  Table  9.  The  best  experimental  spectra  observed  were  those  col¬ 
lected  at  254.025  MHz  followed  by  those  collected  at  188.217  MHz  in 
terms  of  being  able  to  phase  the  spectra  and  the  s ignal-to_noi se  ratio 
obtained.  With  this  in  mind,  a  value  of  20,000  Hz  was  selected  for  the 
value  of  9  which  is  biased  towards  the  theoretical  fits  obtained  at  the 
two  smaller  field  strengths.  Changes  of  10%  in  the  value  of  Aj result  in 
comparable  changes  in  Sz;  however,  this  value  was  used  in  all  subsequent 
lineshape  analyses  for  determinations  of  Sz.  Any  error  in  this  value 
would  result  in  an  overestimation  or  an  underestimation  of  the  order 
parameter  values.  This  error,  if  present,  is  thought  to  be  relatively 
small,  because  of  the  close  similarity  between  the  Sz  values  obtained 
using  the  deuterium  and  fluorine  probes  (see  fig.  7).  The  variation  in 
the  values  listed  in  Table  9  lie  within  the  experimental  error  since 
slight  differences  in  experimental  temperatures  and  in  the  character¬ 
istics  of  the  different  NMR  spectrometers  used  could  have  resulted  in 
the  small  changes  in  the  observed  Aj  and  Sz  values. 

The  only  adjustable  parameters  used  to  fit  the  observed  spectra 
with  the  theoretical  lineshape  were  Ao  and  Sz.  As  previously  mentioned, 
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Fig.  11.  The  NMR  spectra  of  membranes  enriched  with  16:0  con  ^ 
taining  5-f luoropalmi t i c  acid  at  field  strengths  of  188.217  MHz  at  37  C 
(A)  and  45°C  (C)  and  at  254.025  MHz  at  37°C  (B)  and  45  C  (D)  . 
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Fig.  12.  The  NMR  spectra  of  membranes  enriched  with  16:lt/\’ 
containing  14-f luoropalmi t i c  acid  at  field  strengths  of  188.217  MHz  at 
20°  (A)  and  37°C  (D) ,  at  254.025  MHz  at  20°  (B)  and  37°C  (E)  ,  and  at 
376.333  MHz  at  20°  (C)  and  37°  (F) . 


. 


Table  9 


The  Best  Parameters  of  Fit  Determined  for  16:ltA’-and 
Membrane  Samples  at  Different  Field  Strengths. 


16:0  -enriched 


a)  16: ltA9-enriched  membranes  containing  14-mono- 
f luoropalmit ic  acid  as  a  probe 

Field  Strength 


188.217  MHz  254.025  MHz  376.333  KHz 


T°C 

A 

1 

Sz 

A 

0 

Sz 

Ao 

Sz 

37 

0 

20,000 

0.06 

0 

21,000 

0.064 

50 

22,000 

0.08 

20 

0 

22,000 

0.13 

0 

20,000 

0.12 

50 

23,000 

0.12 

b)  16 : 0-enriched  membranes  containing  5-monof luoro- 
palmitic  acid  as  a  probe 


Field  Strength 

188 . 217  WZ  254tQ25  Mz  376_..312.m/ 


T°C 

a, 

Sz 

*0 

Sz 

45 

0 

20,000 

0.164 

0 

20,000 

0.176 

n .  d . 

37 

0 

20,000 

0.215 

0 

20,000 

0.216 

n .  d . 

Some  difficulty  arose  in  trying  to  determine  the  values  at 
376.333  MHz  due  to  the  extreme  broadness  of  the  spectra. 
Spectra  of  the  5-monof luoropalmitic  acid  were  not  obtained 
while  those  of  the  14-monof luoropalmitic  acid-enriched  mem¬ 
branes  contained  a  residual  broadening  as  exhibited  by  the 
increase  in  the  A0  values  which  likely  resulted  from 
field  inhomogenaeity  across  the  broad  spectra. 
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the  primary  effect  of  changes  in  A  is  in  the  width  of  the  central  spike 
of  the  spectra  (see  fig.  10).  In  contrast,  the  major  effect  of  changes 
in  Sz  are  on  the  "wings"  of  the  spectra,  away  from  the  region  of  the 
central  spike  (see  fig.  13).  The  non-overlapping  nature  of  the  effects 
of  these  two  parameters  means  that  the  value  of  each  is  unique  and  con¬ 
fined  to  a  narrow  range  (±  10%  or  less)  for  each  of  the  observed  experi¬ 
mental  spectra. 

The  Effect  of  Fatty  Acid  Structure  and  Temperature  on  the  Order 
Parameter  Prof i 1 e  of  Acholeplasma  laidlawi j  B  Membranes ♦ 

The  order  parameter  profiles  obtained  at  the  optimum  growth 
temperature  of  37°C  for  16: 0-enriched  membranes  isolated  from  cells 
cultured  in  the  absence  of  avidin,  and  for  15:0-,  16:0i~,  and  16:0ai-en- 
riched  membranes  from  cells  cultured  in  the  presence  of  avidin,  are 
depicted  in  fig.  14.  The  order  profiles  show  marked  variation  depending 
on  the  major  fatty  acid  present  in  the  membrane.  The  three  fatty  acids 
15:0,  16: 0i ,  and  I6:0ai  are  each  15  carbons  in  length  with  16:0i  having 
a  methyl  group  in  the  14-position  and  I6:0ai  a  methyl  group  in  the 
13-position  of  the  acyl  chain.  At  a  constant  temperature  the  average 
order  through  the  bilayer  decreases  in  the  order  I6:0>15:0>16:0i>16:0ai . 
This  observation  agrees  with  the  thermal  transition  midpoints  (Tm)  of 
these  membranes,  where  15 : 0-enr i ched  membranes  have  a  Tm=36.7  .while 
16:0i  and  16:0ai  have  Tm  values  of  21.8  and  4.1  ,  respectively  (Silvius 
and  McElhaney ,  1978a).  These  results  also  agree  with  the  idea  that 
"fluidizing"  fatty  acids,  defined  as  those  with  relatively  low  melting 
points,  are  more  disordered  than  fatty  acids  with  relatively  high 
melting  points.  Thus  the  absolute  order  is  decreased  in  the  presence  of 
a  methyl  group  near  the  methyl  terminus. 
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Fig.  13.  The  effect  of  increasing  Sz  on  the  theoretical  line- 
shape  where  (from  bottom  to  top)  Sz=.05,  .1,  .15,  .25,  .3,  and  .4. 
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CHAIN  POSITION 


Fig.  14.  The  order  profiles  of  straight-chain  saturated  and  methyl 
branched  fatty  acid-enriched  membranes  at  the  growth  temperature  (37°C) . 
Solid  line  •  (16:0),  solid  line  O  (15:0),  broken  line  •  (16:0i), 

broken  line  O  (16:0ai). 
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A  second  observation  is  that  the  order  profile  through  the  bilayer 
is  also  altered  when  a  methyl  branch  is  present  (see  also  fig.  15).  In 
this  case,  the  presence  of  a  methyl  branch  extends  the  plateau  region  of 
the  order  profile  relative  to  that  observed  with  the  straight-chain 
fatty  acids.  The  anteiso-branched  fatty  acid  (16:0ai)  extends  this 
region  to  the  12-position  of  the  chain  at  both  37°  and  20°,  while  the 
iso-branched  (16c  0 i )  fatty  acid  markedly  decreases  the  steepness  of  the 
slope  of  the  order  profile  beyond  the  plateau  region  at  37°.  It  is 
important  to  note  that  the  measured  order  parameters  are  those  of  the 
probe  fatty  acid,  thus  the  presence  of  the  methyl  branch  tends  to 
increase  the  order  of  neighbouring  fatty  acids  in  the  region  of  the 
methyl  group  relative  to  the  other  regions  of  the  acyl  chain,  when 
compared  to  the  case  observed  with  the  unbranched  fatty  acids.  The  same 
conclusions  concerning  the  relative  differences  in  the  order  profiles  of 
these  fatty  acids  may  be  made  when  all  of  the  membrane  lipids  are  in  the 
liquid-crystalline  state  (see  fig.  15).  In  these  experiments  the  NMR 
spectra  were  collected  at  a  temperature  15°  above  the  midpoint  of  the 
membrane  phase  transition  (Silvius  and  McElhaney,  1978a),  which  is 
assumed  to  represent  a  condition  where  the  different  membrane  lipids  are 
in  the  same  physical  state.  Under  these  conditions  the  presence  of  a 
methyl  branch  again  results  in  an  increase  in  the  length  of  the  plateau 
region  compared  to  the  s traight— chain  fatty  acid;  however,  there  is  a 
reversal  in  the  observed  average  order  under  these  conditions.  The 
average  order  is  now  greatest  in  the  methyl-branched  fatty  acids  with 
160ai>16:0i>16:0>15:0.  This  result  suggests  that  the  methyl -branched 
fatty  acids,  which  are  thought  to  have  a  disordering  effect  on  the  lipid 
bilayer  compared  to  the  straight- chain  saturated  fatty  acids,  are 
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CHAIN  POSITION 


Fig.  15.  The  order  profiles  of  straight-chain  saturated  and  methyl 
branched  fatty  acid-enriched  membranes  at  15°C  above  the  Tm  of  the 
membrane  lipids.  Solid  line  •  (16:0)  at  45°C,  solid  line  O  (15:0)  at 

50°C,  broken  line  •  ( 1 6 : 0 i )  at  37°C,  and  broken  line  O  (16:0ai>  at 

20°C. 
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actually  more  ordered  under  similar  thermodynamic  conditions. 

We  have  also  looked  at  the  effect  of  a  trans-double  bond  on  the 
acyl  chain  order  in  these  membranes.  At  the  growth  temperature  (see  fig. 
16),  membranes  enriched  with  fatty  acids  containing  a  t rans~doub 1 e  bond 
(16:ltA*,  18: ItA ’) ,  are  less  ordered  than  membranes  enriched  with  satu¬ 
rated  fatty  acids  (15:0,  16:0).  This  is  also  consistent  with  the 
observed  values  of  the  phase  transitions  of  the  membranes,  where  the 
unsaturated  fatty  acid-enriched  membranes  have  the  lower  Tm  values 
(Silvius  and  McElhaney,  1978a).  In  contrast,  the  order  observed  in  the 
16:ltA  -membranes  is  higher  than  the  order  seen  for  the  18: ItA  -enriched 
membranes,  which  one  would  not  expect  using  the  criteria  of  the  observed 
Tm  values  (Tm  16: ItA ’=6. 7° ,  Tm  18: ItA ’=20. 1°) .  The  reason  for  this 
result  is  not  clear,  but  is  likely  due  to  the  difference  in  chain  length 
between  the  probes  and  the  18:ltA’,  which  does  not  exist  in  the  case  of 
the  16:ltA’.  This  difference  in  chain  length  may  result  in  "free  spaces" 
in  the  region  of  the  methyl  termini  of  the  shorter  probe  fatty  acids 
which  results  in  a  decrease  in  the  order  of  the  probe  molecules.  Davis 
and  co-workers  (1980)  have  shown  that  the  Tm's  of  mixed-acid  (saturated- 
unsaturated)  PC's  are  lower  than  predicted  on  the  basis  of  the  Tm's  of 
the  PC's  composed  of  two  (saturated  or  unsaturated)  identical  fatty 
acids.  This  in  turn  implies  that  the  mixed  acyl  chain  PC's  would  have 
less  order  than  predicted  from  the  Tm  values  of  the  non— mixed  PC  s.  This 
question  of  the  effect  of  probe— native  acyl  chain  mismatch  due  to  dif¬ 
ferences  in  chain  length  is  not  well  understood,  and  to  date  very  few 
observations  concerning  this  problem  have  been  reported  in  the 
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Fig.  16.  The  order  profiles  of  straight-chain  saturated  and 
t_rans -unsaturated  fatty  acid-enriched  membranes  at  the  growth  tempera¬ 
ture  (37°C) .  Solid  line  •  (16:0),  solid  line  O  (15:0),  broken  line 

•  (16:ltA9),  broken  line  O  (18:1  tA 9  )l 
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At  the  growth  temperature  the  presence  of  the  trans-double  bond  at 
the  9-position  of  the  chain  tends  to  decrease  the  length  of  the  plateau 
region  of  the  membrane  bilayer  (see  fig.  16).  This  is  much  more  apparent 
when  one  compares  the  order  profiles  of  these  unsaturated  fatty  acids  to 
the  order  profiles  of  the  saturated  fatty  acids  when  all  of  the  membrane 
lipids  are  in  the  liquid-crystalline  state  (fig.  17).  Thus  where  a 
methyl  branch  near  the  methyl  terminus  of  a  fatty  acid  increases  the 
length  of  the  plateau  region,  the  presence  of  a  trans-double  bond 
decreases  the  length  of  the  plateau  region. 

Under  conditions  where  the  membrane  lipids  are  assumed  to  be  in 
similar  thermotropic  (liquid-crystalline)  states  (15°C  above  the  Tm)  ,  it 
is  seen  that  the  fatty  acid  16:ltA’  has  a  higher  average  order  than 
either  of  the  saturated  fatty  acids  (16:0,  15:0) ,  while  the  membranes 
enriched  with  18:ltA’  have  an  average  order  less  than  16:0-  but  greater 
than  15 : 0-enriched  membranes.  These  observations  contrast  with  the 
studies  of  model  membrane  systems  in  which  the  effect  of  a  ci s~doubl e 
bond  on  the  order  of  the  bilayer  was  observed.  In  this  case,  the 
ci s-doubl e  bond  increased  the  local  order  of  the  probe  molecules,  while 
our  results  indicate  a  trans-double  bond  decreases  the  local  order.  In 
addition,  it  was  also  found  that  the  average  order  of  the  system  was 
increased  in  the  presence  of  either  type  of  double  bond  compared  to  the 
order  observed  with  a  saturated  fatty  acid  when  the  bilayers  were  in 
similar  thermotropic  conditions  (Seelig  and  Seelig,  1977). 

Figures  18  and  19  show  the  order  profiles  of  these  various  mem¬ 
branes  at  temperatures  below  their  phase  transitions  (15:0,  16:0, 

18:ltA’,  16: 0i)  or  at  5°C  for  16:ltA’  and  16:0ai.  For  the  latter  two 
cases  the  phase  transition  begins  at  temperatures  below  0  C.  The 
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Fig.  17.  The  order  profiles  of  straight-chain  saturated  and 
trans- unsaturated  fatty  acid- enr i ched  membranes  at  15  C  above  the  Tm  of 
the  membrane  lipids.  Solid  line  •  (16:0)  at  45  C,  solid  line  O  (15:0) 
at  50° C ,  broken  line  •  (16:1 1 A * )  at  20°C,  and  broken  line  o  (18:ltA9) 

at  34°C. 
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Fig.  18-  The  order  profiles  of  straight-chain  saturated  and  methyl 
branched  fatty  acid-enriched  membranes  at  a  temperature  below  the  phase 
transition  for  16:0,  15:0,  and  16:0i,  and  at  5°C  for  16:0ai.  Solid  line 
•(16:0)  at  20°C,  solid  line  O  (15:0)  at  25°C,  broken  line  O  ( 1 6 : 0 i )  at 
10°C,  and  broken  line  •  (I6:0ai)  at  5°C. 
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Fig.  19-  The  order  profiles  of  s traight_chain  saturated  and 
trans~unsatnrat ed  fatty  acid— enri ched  membranes  at  a  temperature  below 
the  phase  transition  for  16:0,  15:0,  and  18:lt^9,  and  at  5  C  for  I6:0ai. 
Solid  line  •  (16:0)  at  20°C,  solid  line  O  (15:0)  at  25°C,  broken  line 
•  (16: ItA*)  at  5°C  and  broken  line  O  (18: ItA9)  at  10  C. 


freezing  point  of  D2O  is  approximately  4°C,  therefore  the  lowest 
temperature  that  spectra  could  be  collected  without  freezing  the  sample 
was  5° . 

In  fig.  19  only  16:0ai~enriched  membranes  are  not  below  their 
phase  transition  temperature.  Under  these  conditions  the  straight-chain 
fatty  acid-enriched  membranes  have  the  greatest  average  order;  however, 
the  plateau  region  is  no  longer  present  beyond  the  5-position  of  the 
acyl  chains,  where  the  order  profile  indicates  an  increasingly  larger 
decrease  in  the  order  beyond  this  position  of  the  chain.  For  the  16:0i- 
enriched  membranes  in  which  all  the  lipids  are  in  the  gel  state,  the 
plateau  region  is  still  present.  Thus,  as  was  the  case  above  with  the 
phase  transition,  the  methyl  branch  acts  to  maintain  the  plateau  region 
and  increases  the  order  of  the  chains  towards  the  methyl  terminus  rela¬ 
tive  to  the  other  regions  of  the  chain.  In  the  case  of  the  16:0ai- 
enriched  membranes,  where  the  phase  state  of  the  lipids  is  mixed,  the 
profile  does  not  conform  to  what  was  previously  observed.  There  is  no 
plateau  region  beyond  the  5-position  of  the  chain,  similar  to  the 
straight-chain  fatty  acid  profiles;  however,  in  the  region  of  the  methyl 
group  there  is  a  marked  increase  in  the  order  relative  to  when  this 
group  is  not  present,  which  is  consistent  with  the  previously  mentioned 
results. 

The  results  obtained  for  the  trans -unsaturated  fatty  acid-enriched 
membranes  are  presented  in  fig.  18.  In  this  case  the  18:ltA  membrane 
lipids  are  in  the  gel  state  while  the  1 6 1 1 1 A  membrane  lipids  are  in  the 
region  of  their  phase  transition.  The  average  order  of  the  saturated 
fatty  acids  is  greater  than  for  either  of  the  unsaturated  fatty  acids. 

In  the  region  of  the  double  bond  there  is  an  increase  in  the  relative 


V  < 


■ 


77 


order,  which  is  more  apparent  in  the  18:ltA’  profile.  Thus  the  effect  of 
the  trans -double  bond  is  to  increase  the  steepness  of  the  gradient  of 
the  order  profile  through  the  bilayer. 

Figures  20  through  25  represent  the  order  parameter  profiles  of 
membranes,  enriched  with  different  fatty  acids  mentioned  above,  at  dif¬ 
ferent  temperatures;  specifically  above  the  phase  transition,  at  the 
optimum  growth  temperature,  and  where  possible  below  the  phase  tran¬ 
sition,  to  directly  compare  the  effect  of  temperature  on  the  order  pro¬ 
file  of  the  individual  fatty  acid  species.  For  the  saturated  fatty  acids 
(figs.  20  and  21),  the  length  of  the  plat  eau  region  tends  to  decrease  as 
the  temperature  is  decreased,  with  the  plateau  region  the  longest  when 
the  membrane  lipids  are  in  the  liquid-crystalline  state.  As  is  the  case 
with  all  the  fatty  acids  studied,  there  is  also  a  steady  increase  in  the 
absolute  order  at  each  position  of  the  chain  as  the  temperature  was 
decreased.  This  same  trend  is  observed  when  a  trans-double  bond  is 
present,  in  that  the  gradient  of  the  order  profile  increases  as  the 
temperature  was  decreased;  however,  in  this  case  a  plateau  region  is  not 
observed  at  any  temperature  beyond  the  5-position  of  the  chain  (see 
figs.  24  and  25).  This  is  opposite  to  what  is  observed  in  membranes 
enriched  with  methyl-branched  fatty  acids,  where  this  group  tends  to 
maintain  the  presence  of  the  plateau  region,  particularly  in  the  case  of 
the  16: Oi-enriched  membranes  (see  fig.  22).  The  results  observed  with 
the  16: Oai-enr i ched  membranes  (see  fig.  23)  indicate  that  in  the  region 
of  the  phase  transition,  where  the  membrane  lipids  are  in  a  mixed  phase 
state,  the  plateau  region  is  not  present.  However ,  the  results  seen  with 
the  16: Oi-enriched  membranes  below  the  phase  transition  suggest  that  the 
plateau  region  would  reappear  in  the  I6:0ai  membranes  when  all  the 
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Fig.  20.  The  order  profiles  of  16:0-enriched  membranes  at 
temperatures.  (A)  T=A5°C,  (B)  T=37°C,  and  (C)  T=20  C 


var i ous 


79 


CHAIN  POSITION 


Fig.  21.  The  order  profiles  of  15 : 0-enr i ched  membranes  at  various 
temperatures,  (a)  T=50°C,  (B)  T=37°C,  and  (C)  T=25°C 
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Fig.  22.  The  order  profiles  of  16: Oi-enr i ched  membranes  at  various 
temperatures,  (a)  T=37°C,  (B)  T=25°C,  and  (C)  T=10  C. 


Fig.  23.  The  order  profiles  of  16: Oai— enr i ched  membranes 
various  temperatures.  (A)  T=37°C,  (B)  T=20°C,  and  (C)  T=5°C. 
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Fie.  24  The  order  profiles  of  16:  ItA  ’-enriched  membranes  at 
various  temperatures,  (a)  T«37°C,  (B)  T-20‘C,  and  (C)  T=5  C. 
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Fig.  25.  The  order  profiles  of  18 : 1 tA  enr i ched  membranes  at 
various  temperatures.  (A)  T=37°C,  (B)  T=34°C,  and  (C)  T=10°C. 


lipids  were  in  the  gel  state.  This  prediction  could  be  tested  by 
obtaining  the  order  profile  of  the  1 6 2 0 i  membranes  in  the  region  of 
their  phase  transition,  where  one  would  predict  that  the  plateau  region 
would  not  be  present  according  to  the  above  hypothesis. 

C .  Conclus i ons 

The  results  presented  in  this  chapter  attempt  to  address  three 
questions  raised  in  Chapter  1.  The  first  question  concerns  the  potential 
usefulness  of  A_l  laidlawi i  B  as  a  biological  system  to  study  the  effects 
of  various  fatty  acid  structures  on  the  organization  of  the  membrane 
lipids  in  the  hydrocarbon  core  of  the  bilayer.  This  organism  contains 
only  one  membrane,  the  plasma  membrane,  which  is  easily  isolated  from 
the  rest  of  the  cellular  components  (Silvius  et^  al . ,  1977).  In  addition, 
a  method  for  manipulating  the  fatty  acid  composition  of  this  membrane 
has  been  determined  such  that  the  number  of  different  lipid  species 
present  may  be  reduced  from  hundreds  to  approximately  five,  which  vary 
only  in  the  structure  of  their  headgroups  (Silvius  et:  al .  ,  1978).  I  have 
found  that  this  organism  will  also  incorporate  monof luor inated  fatty 
acids  with  little  or  not  effect  on  the  cells,  and  by  combining  these 
observations  it  is  possible  to  obtain  membranes  consisting  of  almost 
entirely  of  one  type  of  fatty  acid  together  with  a  small  amount  of  the 
fluorinated  fatty  acid  to  use  as  an  NKR  probe.  The  results  to  date  sug- 
gest  that,  by  using  this  system,  a  wide  variety  of  fatty  acids  may  be 
studied  to  determine  their  effects  on  the  acyl  chain  organization  in  a 
biological  system. 

The  second  question  involves  the  method  used  for  the  determination 


of  the  order  parameter  values  from  the  observed  spectra.  A  primary 
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assumption  is  that  the  value  of  the  parameter  Ai  is  independent  of  the 
temperature.  Studies  done  by  Niederberger  and  Seelig  (1976)  indicate 
that  this  number  has  a  small  temperature  dependence  when  theoretical 
lineshapes  are  generated  for  31P-NMR  spectra  of  phospholipid  bilayers; 
however,  the  variation  of  this  value  over  the  temperature  range  studied 
is  smaller  than  the  error  introduced  into  this  value  when  determined 
using  the  procedure  described  in  this  chapter.  Therefore,  the  value  of 
Ai  is  assumed  to  be  constant  in  this  study.  An  absolute  error  in  either 
of  the  values(Q|,  -q^ )  or  A^  would  result  in  a  constant  absolute  error  in 
the  measured  order  parameter,  in  which  all  of  the  Sz  values  reported 
would  be  either  overestimated  or  underestimated,  but  would  not  affect 
the  relative  values  of  Sz  determined  for  the  membrane  samples.  These  are 
the  only  two  fixed  parameters  that  might  be  subject  to  this  type  of 
systematic  error.  The  similarity  of  the  order  parameter  values  deter¬ 
mined  using  2H~NMR  and  19F~NMR  in  the  identical  system  (see  Chapter  3) 
suggests  that  any  error  of  this  kind,  if  present,  is  relatively  small. 

The  final  point  to  consider  is  the  effect  the  fatty  acid  structure 
has  on  the  order  of  the  membrane  bilayer.  From  these  studies  it  is  clear 
that  the  structure  of  the  fatty  acid  has  a  marked  effect  on  the  acyl 
chain  organization  in  a  bilayer.  Although  the  fatty  acids  looked  at  in 
this  study  represent  only  a  small  number  of  the  numerous  different  fatty 
acids  found  in  biological  membranes,  some  general  conclusions  concerning 
the  effects  of  structure  on  the  order  may  be  made.  If  the  straight-chain 
saturated  fatty  acids  are  used  as  a  reference  to  compare  the  different 
types  of  fatty  acids,  then  the  addition  of  a  methyl  group  near  the 
methyl  terminus  of  the  chain  tends  to  maintain  and  extend  the  plateau 
region  above  and  likely  below  the  phase  transition  of  the  membrane 
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lipids,  and  as  a  consequence  decrease  the  order  gradient  through  the  bi¬ 
layer.  Secondly,  if  we  accept  the  assertion  that  at  15°C  above  the  phase 
transition  midpoint  and  at  a  temperature  just  below  the  onset  of  the 
phase  transition  the  membrane  lipids  are  in  similar  thermotropic  states, 
then  above  the  transition  the  methyl  group  increases  the  average  order, 
while  below  the  transition  it  decreases  the  average  order  of  the  acyl 
chains  relative  to  the  straight-chain  fatty  acids.  In  contrast,  the 
introduction  of  a  t rans~doub 1 e  bond  markedly  decreases  the  plateau 
region  of  the  chain,  resulting  in  an  increased  gradient  of  order  through 
the  bilayer .  These  results,  together  with  those  found  by  Seelig  and 
Seel ig  (1977),  suggest  that  the  c i s~  and  trans-double  bond  have  the 
opposite  effect  on  the  local  ordering  of  neighbouring  acyl  chains  but 
the  same  effect  on  the  average  order  of  the  bilayer.  They  both  increase 
the  order  under  similar  thermotropic  conditions  above  the  phase  tran¬ 
sition,  but  the  trans-double  bond  acts  to  decrease  the  local  ordering  of 
the  chains,  whereas  the  cis~double  bond  acts  to  increase  the  local 
ordering.  The  effect  of  the  cis~double  bond  on  the  order  of  gel  state 
lipid  has  not  been  reported;  however,  our  results  with  the  trans-double 
bond  indicate  that,  as  was  the  case  with  the  methyl  group,  the  average 
order  is  now  less  than  that  observed  in  the  straight-chain  saturated 
enriched-membranes .  All  of  these  results  suggest  that  an  organism  may 
not  only  control  the  fluidity  of  its  membranes  by  varying  the  fatty  acid 
structure  of  its  membrane  lipids  (Saito  and  McElhaney,  1977),  but  also 
the  magnitude  of  the  acyl  chain  orientational  order  as  well  as  the 
gradient  of  order,  through  the  lipid  bilayer. 
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VI.  APPENDIX  1 


The  computer  program  given  below  is  written  in  basic,  and  was  used  to 
generate  the  theoretical  lineshapes  to  fit  the  experimental  spectra  and 
determine  the  order  parameter  values,  Sz.  This  program,  written  by  Dr. 
Brian  Sykes,  follows  the  theory  described  in  chapter  2. 


100  dim  s(513) ,v(101),p(101) ,d(513) ,q(2048) ,p8$(3) ,k7$(3) 
110  dim  f  (513) 

120  dim  e  (201) 

130  let  d3=~. 00008 
140  let  c=2000 
150  let  17=2 

160  print  "write  the  desired  ntcftb  file-xxx  .xxx" 

170  input  k7$(0) ,k7$(l) 

180  let  17=17+1 

190  call  bdefine  (I7,k7$) 


200 

print 

"what 

is 

the 

field 

strength  in  hertz 

210 

input 

VO 

220 

print 

"what 

is 

the 

sweep- 

-width  (+/“)" 

230 

input 

t 

240 

print 

"what 

is 

the 

value 

of  dO" 

250 

input 

dO 

260 

print 

"what 

is 

the 

value 

of  dl" 

270 

input 

dl 

280 

print 

"what 

i  s 

the 

value 

of  si" 

290 

input 

s  1 

92 
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93 


300  let  a=0 

310  call  fread(17,q,352) 

320  call  fread(l7,q,2048) 

330  let  n9=2048 
340  call  faint  (n9,l) 

360  let  hl=48. 828 
370  let  h2= (50000-t) /hi 
380  let  h3=2*t/200 
390  let  h4=h3/hl 
400  for  y=l  to  201 
410  let  h5=h2+ (y~l)  ,vh4 
420  let  q(y)=q(h5) 

430  next  y 

440  call  fknob(k2,l) 

450  call  fknob  (18,2) 

460  let  vl=d3*vo*sl 
470  let  cl=l . 5*abs (vl) 

480  for  j*l  to  100 

490  let  v(j)*-l*vl-(j-l)*cl/100 

500  let  p  (j) =l/sqr  (l~2*v (j) /vl) 

510  let  d(j)«d0+abs(dl*sl*v(j)/vl) 

520  next  j 

530  for  i-1  to  201 

540  let  s(i)=0 

550  let  f (i)-t-(i-l)*t/100 

560  for  k=l  to  100 

570  let  el=((f (i)-v(k))* (f (i) -v(k) ) / (2*d (k) *d (k) ) 


580  if  el>20  then  620 

590  let  el— l*el 

600  let  s3=el+log  (p(k)/d(k)) 

610  let  s  (i) =s  (i ) +exp  (s3) 

620  next  k 
630  print  s  (i) , 

640  next  i 

650  for  i=0  to  200 

660  let  d  (i) =s  (i) *k2*c 

670  next  i 

680  for  y=l  to201~a 

690  let  q(y)=q(y+a) 

700  next  y 

710  for  y=201~a  to  201 

720  let  q(y)=0 

730  next  y 

740  go  to  840 

750  for  y=a+l  to  201 

760  let  e(y)=q(y~a) 

770  next  y 

780  for  y=l  to  a 

790  let  e  (y) =0 

800  next  y 

810  for  y=l  to  201 

820  let  q(y)=e(y) 

830  next  y 

840  call  fdisp  (q,201,3) 
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850  call  fknob  (s9,l) 

860  if  abs  (s9~k2) >2  then  910 
870  call  fdisp  (d, 201 , 3) 

880  call  fknob  (19,2) 

890  if  abs  (19-18) >2  then  960 

900  go  to  840 

910  for  i-0  to  511 

920  let  d(i)=s(i)*s9,fc 

930  next  i 

940  let  k2=s9 

950  go  to  840 

960  input  u$ 

970  call  fknob  (19,2) 

980  let  18=19 
990  if  u$="sr"  then  1110 
1000  if  u$  ="c"  then  840 
1010  if  u$="z"  then  1280 
1020  if  u$="t"  then  1600 
1030  if  u$="cp"  then  1170 
1040  if  u$="sf"  then  1140 
1050  if  u$="pf"  then  1260 
1060  if  u$="na"  then  160 
1070  if  u$="sl"  then  1080 

1080  print  Mwhat  is  the  no.  of  points  to  shift  spectrum  left" 
1090  input  a 
1100  go  to  680 

1110  print  "what  is  the  no.  of  points  to  shift  spectrum  right" 


' 
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1120  input  a 
1130  go  to  750 

1140  print  "what  is  the  new  scaling  factor" 

1150  input  c 
1160  go  to  650 

1170  print  "the  previous  values  of  dO, dl , s 1 , were" ; dO, dl , s 1 
1180  print  "indicate  the  desired  new  value  of  dO" 

1190  print  "beside  the  first  ?  (return)  the  new  value  of  dl" 
1200  print  "beside  the  second  ?  and  the  new  value  of  si" 

1210  print  "beside  the  third  ?" 

1220  input  dO 
1230  input  dl 
1240  input  si 

1250  go  to  460  1260  print  "the  values  of  d0,dl  si  are 


M  . 


; dO, dl , sl 
1260  print  "the  values  of  d0,dl,sl 
are" ; dO, dl , sl ; "respectively" 

1270  go  to  840 

1280  for  y— l*t  to  t  step  t/100 
1290  let  s (201-100*  (y+ 1) /t-. 8) =y 


1300  next  y 

1310  let  p8$ (0) ="hz" 

1320  call  f scale  (q, 6, 201,1) 

1330  call  f scale  (d, 6, 201,1) 

1340  let  s  (201) =t 
1350  let  d (202) =q  (202) 

1360  print  "how  maney  inches  would  you  like  the  x-axis  to  be” 
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1370  input  zl 

1380  let  s  (202) =-2*t/zl 

1390  call  plots 

1400  call  faxis  (0, l,p8$,2,zl,0, t,-2*t/zl,5,3) 

1410  print  'do  you  want  only  theoretical  curve  plotted" 

1411  print  "yes  (1)  or  no  (no)" 

1420  input  z2 

1430  if  z2=l  go  to  1460 
1440  call  fplot  (0,3, 5, -3) 

1450  call  fline  (s , q , 201 , 1 , 0, 0) 

1460  call  fdplot  (0,2,-3) 

1470  call  fline  (s , d , 201 , 1 , 0 , 0) 

1480  let  c4$="d0=" 

1490  let  c2$="dl=" 

1500  let  c3$="s 1=" 

1510  call  f symbol  (0,8, . 125, c4$,0,3) 

1520  call  fnumber  (.25,8, . 125, dO, 0,8, 4) 

1530  call  fsymbol  (0, 7. 75, . 125, c2$, 0, 3) 

1540  call  fnumber  (.25,7.75, . 125, dl ,0, 10,8) 

1550  call  fsymbol  (0,7.50, . 125, c3$, 0,3) 

1560  call  fnumber  (. 25 , 7 . 50, . 125 , s 1 , 0, 8, 4) 

1570  print  "do  you  want  to  do  a  new  analysis  (1)  or  " 
1580  print  "terminate  (2)" 

1590  input  b 

1600  if  b=l  then  160 


1610  end 


. 


VII.  APPENDIX  2 


This  appendix  gives  the  NMR  spectra  collected  for  the  membrane  samples 
discussed  in  this  work  .  The  first  six  pages  contain  the  spectra  of 
membranes  enriched  with  16:0  in  the  absence  of  avidin  supplemented  with 
increasing  amounts  of  either  5or  lA-f luoropalmitic  acid.  The  remaining 
spectra  are  of  the  membrane  samples  enriched  with  the  various  fatty 
acids  looked  at  in  this  study,  and  whose  order  parameter  profiles  are 
given  in  chapter  four. 
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6000  Hz 

I - 1 


16 : 0-enriched  membranes  from  cells  grown  in  the  absence  of 
avidin  containing  approximately  (from  bottom  to  top)  5,15,25, 
and  50  mole  %  of  14-monof luoropalmitic  acid  at  45°C 


100 


16 : 0-enriched  membranes  from  cells  grown  in  the  absence  of 
avidin  containing  approximately  (from  bottom  to  top)  5,15,25, 
and  50  mole  %  14-monof luoropalmitic  acid  at  37°C 
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16 : 0-enriched  membranes  from  cells  grown  in  the  absence  of 
avidin  containing  approximately  (from  bottom  to  top)  5,15,25, 
and  50  mole  %  14-monof luoropalmitic  acid  at  20°C 


16 : O-enriched  membranes  from  cells  grown  in  the  absence  of 
avidin  containing  approximately  (from  bottom  to  top)  5,15,25, 
and  50  mole  %  of  5-monof luoropalmitic  acid  at  45°C 
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6000  Hz 

1 - 1 


16 : 0-enriched  membranes  from  cells  grown  in  the  absence  of 
avidin  containing  approximately  (from  bottom  to  top)  5,15,25, 
and  50  mole  %  of  5-monof luoropalmitic  acid  at  37°C 


16 : O-enriched  membranes  from  cells  grown  in  the  absence  of 
avidin  containing  approximately  (from  bottom  to  top)  5,15,25, 
and  50  mole  %  of  5-monof luoropalmitic  acid  at  20°C 


, 
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6000  Hz 

I - 1 


16 : 0-enriched  membranes  from  cells  grown  in  the  absence  of 
avidin  containing  from  bottom  to  top;  5,8,10,12,  and  14  mono- 
f luoropalmitic  acid  (approx. 10%)  at  45°C 
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16 : 0-enriched  membranes  from  cells  grown  in  the  absence  of 
avidin  containing  from  bottom  to  top ;  87 10- 12-,  and  14-mono- 

f luoropalmitic  acid  (approx.  10%)  at  37°C 


16 : O-enriched  membranes  from  cells  grown  in  the  absence  of 
avidin  containing  from  bottom  to  top ;  5-;  87  IO7 12-;  and  14“mono 
f luoropalmitic  acid  (approx.  10%)  at  20°C 


' 


15 : O-enriched  membranes  from  cells  grown  in  the  presence  o 
avidin  containing  from  bottom  to  top;  5r,  8-  IO7I2*;  and  14-mono 
f luoropalmitic  acid  (approx.  10%)  at  50°C 


) 


15 : O-enriched  membranes  from  cells  grown  in  the  presence  of 
avidin  containing  from  bottom  to  top ;  578-?  lOr^^and  14-mono- 
f luoropalmitic  acid  (approx.  10%)  at  37°C 
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6000  Hz 

I - 1 


16 : Oi-enriched  membranes  from  cells  grown  in  the  presence 
avidin  containing  from  bottom  to  top ;  5-;  8-;  107l27and  14-Tnono 
f luoropalmitic  acid  (approx.  10%)  at  37°C 


I 
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15 : O-enriched  membranes  from  cells  grown  in  the  presence  of 
avidin  containing  from  bottom  to  top ;  5-,  8-  IO7  12- and  14-mono- 
f luoropalmitic  acid  (approx.  10%)  at  25°C 


■ 


16 : Oi-enriched  membranes  from  cells  grown  in  the  presence 
avidin  containing  from  bottom  to  top ;  5-,  87  10-;  12-,  and  14- mono 
f luoropalmitic  acid  (approx.  10%)  at  25°C 


i 
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16 : Oi-enriched  membranes  from  cells  grown  in  the  presence  of 
avidin  containing  from  bottom  to  top ;  5-,  8-,  10;  12-,  and  14-mono- 
f luoropalmitic  acid  (approx.  10%)  at  10°C 
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6000Hz 

I - 1 


16 : Oai— enriched  membranes  from  cells  grown  in  the  presence  of 
avidin  containing  from  bottom  to  top ;  5“,  87 107l27and  14-mono- 
f luoropalmitic  acid  (approx.  10%)  at  37°C 


16 : Oai-enriched  membranes  from  cells  grown  in  the  presence  of 
avidin  containing  from  bottom  to  top ;  5“ 8-  10-,  12- and  14-mono- 
f luoropalmitic  acid  (approx.  10%)  at  20°C 
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16 : Oai-enriched  membranes  from  cells  grown  in  the  presence  of 
avidin  containing  from  bottom  to  top ;  5-;  87 IO7 12-jand  14-mono- 
f luoropalmitic  acid  (approx.  10%)  at  5°C 


. 


117 


16 : ltA^- enriched  membranes  from  cells  grown  in  the  presence  of 
avidin  containing  from  bottom  to  top ;  5-;  8-,  IO7  12-;  and  14-mono- 
f luoropalmitic  acid  (approx.  10%)  at  37°C 


118 
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16 : ItA  —  enriched  membranes  from  cells  grown  in  the  presence  of 
avidin  containing  from  bottom  to  top  ;  5787  IO7  12-;and  14-mono- 
f luoropalmitic  acid  (approx.  10%)  at  20°C 


16 : ltA^-enriched  membranes  from  cells  grown  in  the  presence 
avidin  containing  from  bottom  to  top ;  5"  8-  10;rl2;-and  14-mono- 
f luoropalmitic  acid  (apprc*;.  10%)  at  5°C 
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6000  Hz 

I - 1 


18 : ItA ^-enriched  membranes  from  cells  grown  in  the  presence  of 
avidin  containing  from  bottom  to  top ;  5-,  8-,  10-;  12-;and  14-mono- 
f luoropalmitic  acid  (approx.  10%)  at  37°C 
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6000  Hz 

I - 1 


18 : ltA^- enriched  membranes  from  cells  grown  in  the  presence  of 
avidin  containing  from  bottom  to  top ;  5-,  87  IO7 12-,  and  14-mono- 
f luoropalmitic  acid  (approx.  10%)  at  34°C 
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18 :  ltA^-.  enriched  membranes  from  cells  grown  in  the  presence  of 
avidin  containing  from  bottom  to  top;  5";  8710712-;  and  14-mono- 
f luoropalmitic  acid  (approx.  10%)  at  20°C 


■ 


